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Barcode technology is slowly being replaced with transponder tags that have
many benefits over barcodes. Four issues with transponder tags are battery life, power
requirement, range of communication, and physical size. Microwave backscatter
modulation (MBM) is used throughout industry to reduce the power requirement and size
on the transponder tags while compromising range. Researchers and designers of current
transponder tags typically utilize a passive carrier-present carrier-absent (CPCA)
reflection of the reader's carrier wave, or their transponder design uses an active
backscatter system with an amplifier and circular polarization modulation.
This research project develops a communication system that mixes a reader's
carrier wave with an intermediate frequency (IF) at the active Probe in order to improve
isolation of the data signal in a high-clutter environment. The design and testing ofProbe
and Reader concepts are discussed, and the advantages and weaknesses of each design
are determined. The performance of the passive IF amplitude-modulatedMBM system is
analyzed. The passive-AM MBM system achieves better range than CPCA modulation,
and does not require as many components and power as the active circular-polarization
modulation system. With mid-level power usage and range, the proposed passive
backscatter system is a compromise between the low-range passive CPCA system and the
high-power high-range active circular-polarization modulation system.
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Integrated circuit (IC) technology has come a long way since the days when
wireless communications started becoming a part of our lives. Devices are becoming
smaller in the sense of size and power requirements. Following Moore's Law, transistors
have become smaller, more power efficient, and more robust to temperature and humidity
changes. New inventions that are being developedmonopolize the fact that many
electronics can be embedded into a single chip that has a footprint size smaller than any
sensors and oscillators.
Today's integrated circuit technologies are allowing many breakthroughs in
communications. With the ICs decrease in size and power, batteries are becoming more
of a burden on the miniaturization of active devices. Mobile wireless communication
designers are always concerned with battery issues such as: energy per unit mass (W-
hr/kg); energy density (W-hr/cm ); open circuit voltage (V); service lifetime (months);
and operating temperature range (C) [33]. With so many restrictions on battery
technology, designers are considering battery power and the lack thereof as the next
frontier to tackle in miniaturization and communication.
IC devices can require less power after every redesign, however wireless
communication links always experience free-space path loss so the power needed for
communications is usually large in comparison to low-poweredmicro-controllers and
sensors. This research project relates to amplitude modulation systems, and a typical AM
system with double sideband-suppressed carrier (DSB-SC) modulation and demodulation
needs a stable carrier, intermediate, and local oscillator signal generated at each wireless
node. There can be quite a few parts to a frequency generator and synchronizer. The
largest (and least efficient) components are radio-frequency (RF) transformers (balluns),
crystals, and RF inductors. If there are certain restraints on power and size of a printed
circuit board (PCB), the AM communication system may not be feasible or may have an
inadequate range. An alternative to providing power for communication would be to
have a host provide the required power when communicating. Such a method is achieved
using an electro-magnetic (EM) backscattermodulation technique.
Defn. Backscatter modulation : A communication technique that modifies the scattering
properties of an object (such as an antenna) in which to reflect electro-magnetic (EM)
energy in a coded manner when in the presence of a transverse EM waves.
In a traditional two-node communication scheme consisting ofone transmitter and
one receiver, the transmitter of information uses the most power of the communication
system in order to over come free space path loss. Microwave backscatter modulation is
an alternative solution to miniaturizing all components that are deemed necessary for a
particular communication scheme. In effect, the power and size requirements are off
loaded from the information transmitter and the receiver takes up the burden by
transmitting the carrier wave. This special type of low-power information transmitter
(transponder or tag) will be referred to as a "Probe", and this special type of carrier-




Nicola Tesla proved in 1899 that power can be transmitted from one place to
another [28]. To this end the communication systems of today typically place power into
a carrier wave that is modulated by an information signal. Most of the transmitted power
is lost in free space, thus wireless communication always has an inefficient transmitter-
to-receiver coupling compared to wired communication. Microwave Backscatter
Modulation (MBM) allows this inefficient power burden to be off-loaded from a small-
scale information-transmitting device, but the tradeoff is larger power inefficiency of the
entire communication system because the free-space path loss is doubled (two-way trip).
A host reader will transmit a high-powered carrier wave in this setup. The device
in the field will utilize a backscattermodulation technique by changing the antenna's load
(using a transistor) [23]. This change in antenna load relates to the amount of reflection
and termination of incident EM waves. Thus the device reflects some EM power back to
the transmitting device (reader). Now, a small watch battery or solar panel can be used to
power the onboard electronics (micro-controller, sensors, etc.) on this remote device, but
the large power requirement needed for communication can come from the high-powered
carrier wave transmitted from a base station (or Reader). Thus a small probe (with
its'
own power source) can be constructed which would be activated upon detection of an
incident carrier wave, and then send
its'
data to a reader using a backscatter method.
There are many applications that transponder tags or probes can be used. MBM
tags and readers can replace barcode systems. Some advantages ofMBM
tags/transponders and readers over barcode systems are: the transponder does not have to
be in line-of-sight; multiple-tag identification is possible; harsh environments (moisture,
dirt, frost, and other visual impairments) have less effect on performance with
transponders than barcodes [14]. Other benefits ofMBM transponders and readers are
the option to read and write data to the transponders. The benefits of transponders allow
applications such as asset tracking, automatic toll paying, and also wildlife research to
improve range and speed of data retrieval [33].
2. 1 . Wireless Power Transmission and Commercial Transponders
Wireless Power Transmission (WPT) is the idea ofproviding RF power to a
passive device. This device has an antenna system which channels the RF power to a
microwave diode and various RF filters. The carefully-tuned capacitor filters convert the
incident RF signal into a DC power supply. The resulting DC power is typically weak
(10 mW or less) compared to the incident RF carrier wave.
The general description of a transponder is a wireless mobile device that responds
to a call or activation signal from a base station. Some miniature commercial-use
transponders utilize the wireless power transmission technique, and thus have little or no
on-board power. Typically these WPT transponders (passive tags) utilize backscatter
modulation, with the data simply being an ID code (known length). In the remainder of
this document a
"probe"
refers to a device that has measurement data (unknown length)
and has some small power source strictly for onboard electronics (active tag), but utilizes
backscatter modulation for communication.
An introduction to the various forms of field propagation is necessary. Magnetic
field coupled transponders are some of the most common commercial-use transponders















Figure 2.1: Magnetic-coupled system [8, 23]
The reader and probe each have an iron-ferrite core wrapped by an insulated wire with
many turns. Typical carrier frequencies ofmagnetic systems are no more that 130 kHz
because of the bandwidth response of the iron cores [23, 29]. Due to the nature of
magnetic field decay versus distance, typical range ofmagnetic coupled transponders is
less than two feet [29].
Another form of energy coupling is electric field coupling, which uses antennas
instead of coiled ferromagnetic cores. Electric field coupling has many advantages over
magnetic field coupling. First, the range for a given power is farther than magnetic
coupling because antennas are more efficient at coupling with the air than ferromagnetic
cores [30]. Second, the carrier frequency is much higher, which enables the use of a
higher data rate. Third, the size of the reader can be reduced because an antenna can be































Figure 2.2: Electric-coupled system [8, 23]
For the transmit and receive powers Ptx and Prx (Watts), distance d (meters), reader
antenna gain Gar, and probe antenna gain Gap the efficiency ofpower transmission is








where c is the speed of light in a vacuum (2.998E8 m/s), and f is the frequency of the
carrier wave (in Hz). Equation (2.1) can be used if one assumes that the antenna
impedances are matched to the transmitter and reader impedances, and the antennas are
aligned with the same polarization for maximum directional radiation and reception [11].
With the goal to optimize the power transmission efficiency, the ideal setup
would behave as shown in figure 2.3. The ideal system would utilize efficient coupling
devices such as directional antennas with the main lobe/beam close to
0
angle-width and
all power concentrated in the main lobe (gain of infinity). Thus there would be very little
loss ofpower because all power is directed and coupled in the line-of-sight path from the
reader to the transponder. The free-space loss can be ignored because of the infinite-gain
antennas. Another assumption is that the rectifier of the transponder has perfect
transformation ofRF power to DC power. A name for the transponder's antenna and RF-
to-DC rectifier (and its components) that has been adopted by industry is "rectenna"-
rectifying antenna.
Wireless Power Transmission Realization
Pte Prx










Antenna (>100 dB gain,
small Main-lobe-width)
Figure 2.3: Ideal Wireless Power Transmission
In reality, the best 902-928 MHz antennas restricted by size typically have up to
25 dBi of gain (dBi: decibels over isotropic radiation of same EIRP) and as low as
30
horizontal beamwidth. One example of such an antenna is the DB848H35E-SY 890-940
MHz directional antenna from DecibelProducts.com (Gain of20 dBi,
35
horizontal
beamwidth). Antenna gain is proportional to its electrical size [7]. In the case of a 35
GHz rectenna design, the RF to DC conversion efficiency was about 40 % [17]. As the
carrier frequency is reduced, the choice of rectenna components become cheaper and
microstrip dimensions can allowmore tolerance. This will have a positive impact on the
RF-DC conversion efficiency. A 5.8 GHz rectenna demonstrated 80% conversion
efficiency in James O. McSpadden's tests [18]. Both of these rectennas utilized printed
circuit dipoles. Some rectenna designs use microstrip patch antennas, as was the case in
Dong-Gi Youn's 2.45 GHz rectenna tests [20]. The performance ofhis rectenna patch
arrays was around 70 % RF-to-DC power conversion.
Yet another form ofwireless power transmission can be sunlight and solar panel
cells (photovoltaic cells). Typical sunlight-to-DC power conversion in a single-crystal
silicon cell is about 14 % [31]. An example of solar panel technology is the Siemens




(area of 555 in.2). Scaling the panel down to a reasonable probe size of 2 in.2, the
DC power would be about 165 mW. This is more than enough power to run a low-
powered micro-controller and simple measurement sensors like temperature, humidity,
radiation, and many other significant reconnaissance datameasurements during full
illumination of the solar panel cells.
2.2. Backscatter Techniques
Assuming the wireless power transmission to be successful or a proper battery
source to be available for the onboard electronics, the next step of the transponder will be
to begin communicating information back to the reader using a backscatter technique.
There are three types of transponders [12]. One type (type 1) has no on-board
battery or solar panel, so it utilizes a rectenna to convert an incident carrier wave into a dc
source (wireless power transmission). After enough DC charge is stored, the transponder
then backscatters the incident wave by changing the antenna load by turning
"on"
or
"off a passive RF diode or transistor, which in turn absorbs the carrier wave or reflects it
back to a reader device. This type of transponder will have the smallest communication
range because the field strength has to be strong enough for adequate RF-DC converted
power, which is more than the required communication power. The second type (type 2)
of transponder has an on-board battery for low-powered electronics, but it also uses
passive components to backscatter the incident waveform. Since RF-DC power
conversion is not needed, the range of the type 2 transponder can be much greater than
type 1 transponders. The Probe designs presented in this research project are classified as
type 2 transponders. Another type of transponder (type 3) uses the onboard battery for
electronics and amplified communications (active backscatter instead ofpassive), thus it
requires the largest battery for a defined probe lifetime but has the farthest range [12].
The main objective of the
"Reader"
and transponder (or "Probe") system is to
have the reader query the transponder to determine the data of the transponder. The type
1 transponders have onboard ROM and shift registers. The ROM (read-only memory,
non-
volatile) has an identification code for that particular transponder. After initial
power-up of the digital components, the transponder needs to utilize the same antenna
system it used for energy coupling but in a reverse direction of signal flow. It needs to
transmit the ID back to the reader. The simplest transponders perform a carrier-present,
carrier absent (CPCA) modulation of the incident RF power signal [25], as seen in figure
2.4. A binary signal amplitude-modulates a carrier waveform to construct the CPCA
waveform. This is also referred to as On-OffKeying (OOK) or Constant-Wave (CW)
modulation. Another name for this modulation is Amplitude-Shift Keying (ASK) with
100 % modulation depth.
CPCA Data
BinaryData
Figure 2.< : Simplest BackscatterModulation
There are many manufacturers of type 1 transponders such as TrolleyScan, Texas
Instruments, and Lowry Computers. These transponders are intended for short-range
communication in a fixed environment (specific range & location ofmultiple readers).
One example is the RFID tagging system in which stores or factories have transponder
tags embedded in a product which will be activated when passed through a reader's
carrier wave to identify the type ofproduct & quantity, or to activate anti-theft security
alarms. One particular design by K.V.S. Rao was of a passive backscatter RFID system
that uses dipole tags and frequency hopping to overcome issues ofmultiple-path and
multiple-tag environments [14]. The effective isotropic radiated power was 36 dBm,
reader antenna gain was 6 dBi, and the operating frequency was 2.4 GHz [14]. The
particular system had a maximum read range of 135 cm [14].
One particular active tagging system is achieved using circular-polarization
modulation [12, 13]. The incident linearly-polarized carrier is collected with a dual-
polarized antenna system and quadrature hybrid as a polarizer [13]. This carrier is
amplified and circular-modulated between left and right hand polarizations before sent
back to the transponder antenna. This proposed tag required having over 10 mW of
power for the active backscatter system, which in turn generated 6 dB of conversion gain
10
(amplifier) [13]. The Reader EIRP was 10 mW, and the reader and transponder antenna
gains were both 7 dBi [13]. This tag system also experimented with frequency-hopping
methods to overcome issues ofmultiple-path and multiple-tag environments. The
maximum read range (backscatter modulation) was about 10 meters [12, 13]. The





A backscattermodulation system can be modeled as a radar system in the sense
that there will be a constant wave (CW) carrier sent to an unknown distant object (a probe
in this case). There will be a returned signal or
"echo"
from that object, and the base
station needs to carefully isolate the returned echo from the high-powered carrier wave
that is reflected from other objects. Radar systems refer to a target's electrical
(conducting) size as radar cross section. In many aspects the probe of this project can be
represented by a small target in radar, so the detect-ability of the probe is of concern
when other objects are present.
Defn. Radar Cross Section (RCS) : "The fictional area of a target intercepting that
amount ofpower which, when scattered equally in all directions, produces an echo at the
radar equal to that from the
target."
[1]
The power of the information signal returned at the point of the probe is
proportional to the power incident and collected at the probe. Thus the radar range
equation is similar to the response from the probe in this project. An example of a
conceptual backscatter modulation scheme is in figure 3.1. The reader will have a
directional antenna (eg. Parabolic dish, Gar 20 dBi), and the probe will have an omni
directional antenna QUA monopole whip, Gap ~ 3 dBi).
12
Monopole
Figure 3.1: Backscatter concept
The radar range equation (3.1) is an expression to determine the maximum range
for a given transmit power Ptx (Watts), directional antenna gain Gar, and detection







The term Smin is the minimum detectable signal power in watts, and a is the radar cross
section of the target (m ) [1]. Assumptions are made in (3.1) that the range is much
greater than the wavelength of the carrier wave. Using the example previously given, let
Gar = 20 dBi (or 100), PTX
= 1 W (or 30 dBm), and SMin = 10 uW (or-20 dBm). For the
detecting antenna, let the same type ofdirectional antenna (dish) be used. The effective
aperature can be represented in terms of the antenna gain [8].
a *r (m2) (3.2)
Let the frequency of the carrier wave be 916 MHz, therefore the wavelength is c/f
= 32.8





= 0.853 m2. The probe's equivalent radar cross section (RCS) now has
An
to be considered.
The RCS of the object (the probe with an antenna) can be approximated to be the
effective aperature of its antenna since the antenna will be radiating the information
signal, not the ground plane and components of the probe. In figure 3.1 the probe has a
quarter wavelength monopole (whip) antenna. The antenna pattern gain for a XIA
monopole is the same as a X/2 dipole [8], which is 1.64 or 2.15 dBi. Therefore the
0
3282
effective aperature of the probe (radar cross section) is 1.64 = 0.014 m2. The
An








= 5.24 (m) (3.3)(4^)2xl0"5
Thus the maximum range for this particular communication (radar) setup is 5.24 meters
(or 17 feet). This system can be scaleable in any of the parameters (such as Ptx, Gar,
Gap) to achieve greater range. The returned power of 10 uW (-20 dBm) is a typical level
for a digital communication signal. Many communication systems today have a range of
detection at the receiver (reader) from 100 mW to 10 nW (20 dBm to -60 dBm) of
information signal power.
The concept of a probe in an unknown environment, receiving RF power and
transmitting it back to a reader needs to take into account radar clutter.
14
Defn. Clutter : The unwanted return of the radar pulse or carrier wave back to the radar
device is known as clutter. Clutter degrades the detection of the desired information
signal. Since it has a known frequency and waveform shape, it is not referred to as noise.
However the power, delay, and direction of the clutter can be unknown.
One of the problems with microwave backscatter communication is that the probe's
information signal will be very weak compared to the unwanted clutter due to the
environmental reflections (ground, buildings, foliage). Another issue to deal with upon
designing the system is to overcome undesirable reflections of the high-powered carrier
wave into the detector due to mismatched loads.
In radar systems, the
"target"
signature is separated from the clutter in time and
frequency. In pulsed radar systems, the
"echo"
clutter due to ground surfaces and
impedance mismatch typically returns at different times than the return of the target's
echo. For CW radar systems, a Doppler shift of frequency helps isolate the target signal
from the clutter. However CW systems have a constant degradation because of the
returned clutter echoes and mismatched load lines. Chapter 5: Reader Designing has
further investigation into CW radar system technology since this research project
operates in CW mode.
3.2. Link Budget Analysis
An example calculation for range was introduced in (3.1). A more accurate
system block diagram that relates to this project can be seen in figure 3.2 below. Some of
the equipment that was used in this project is listed in table 3.1. Explanations for the
choices of these components will be addressed in chapters 4 and 5.
15
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Unavailable 3 dBi 891-941
HP 8656B
Generator
50 mW NA 0.1-990
Table 3.1: Selected components in project
An important component that was helpful in testing was a commercial circulator:
Defn. Circulator: "A circulator is a passive non-reciprocal device with three ports.
Energy introduced into one port is transferred to an adjacent port, the other port being
isolated."
[32]
An ideal circulator is assumed for now. Parameters of an ideal circulator are
infinite power rating, infinite isolation in the reverse path between ports (i.e. infinite
return loss), and zero insertion loss. Performing a link-budget analysis using the given
components is the next step. The goal for range is 5 meters and carrier frequency is 916
MHz. All connections are assumed to have perfect matching (no unwanted reflections).










/9 1 6 MHz
4kx5m
= 28 uW (3.4)
The power received at the probe is 28 p.W for this combination of components. Next, it
is assumed for now that the probe's backscattermodulation is a passive impedance
mismatch setup (like CPCA modulation), and that the binary representations are perfect
matched load (Zl = ZAntenna*) and perfectly mismatched load (Zl
=
o Ohms). For the
perfectly matched load case, there will be no reflected power (no backscatter), so the
reader will detect zero watts. For the perfectly mismatched load, it is assumed all
collected probe power is reradiated out of the same antenna (full backscatter). The signal
will again travel the free space and now be collected by the reader's antenna. The













or - 48 dBm. The Probe's data with a power level of- 48 dBm can be easily detected




The goal of this project was to develop a backscatter modulation communication
scheme. An initial design was started using the carrier present carrier absent modulation
as seen in figure 3.2. The chosen carrier is a constant wave (CW) fixed frequency, fixed
phase and fixed power sinusoidal waveform.
4.1. Frequency, Microstrip, and Antenna considerations
The frequency selected is 916 MHz. There are many reasons why the 902-928
MHz band is a popular choice for a communication scheme. There are fewer legal
restrictions on this industrial/scientific/medial frequency band than surrounding bands
[26]. Such restrictions allow the 902-928 MHz band users to have higher output power
than other frequency bands, which mean increased range ofdetection [26]. Also the
propagation of frequencies around 900 MHz is better than the next higher
industrial/scientific/medical band at 2.4 GHz because free-space path loss is proportional
to the inverse-squared frequency [26]. Lastly, the wavelength of the 902-928 MHz
carrier wave is about 33 cm. This wavelength directly impacts the length and size of an
antenna. For example a quarter-wave monopole will be about 8% cm, which is less
costly and cumbersome than lower frequency antennas.
The CPCA (amplitude-shift keying) modulation of the carrier at the Probe is
designed first in this document. This is to illustrate the available equipment and
hardware specifications, as well as to show the CPCA limitations. A better amplitude-
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modulationMBM system involving intermediate-frequency selection is discussed later in
this chapter.
The choice of transmission line setup at the probe is microstrip. Microstrips can
be easily integrated with other passive and active microwave devices [7]. Another
benefit is that all microstrip and component layout can be fabricated in-house with
routing and drill bits. Many printed circuit boards were designed, routed (fabricated), and
soldered together in the steps to complete thisMBM system. A layout of a microstrip
can be seen in figure 4.1 .
\ -. \ \ \ v \ \ v \ \ v \ \ \ \ \ \ \
E
H
v. v t \ v ',. \ v \ \ r~~r~~~\ '\ v v '\ ^ v
Figure 4.1 : Microstrip Cross-section with field lines [7]
A conductor ofwidthW, conductivity a and relative permeability u. is routed out of a
two-layer duroid with substrate relative permeability sr and thickness d. The bottom
metal layer serves as a ground plane. A sketch of the field lines is shown above. The
electric field lines penetrate the air (sr = 1) above the top conductor and circle around to
pass through the substrate and to the ground plane. Because the top conductor is
bordered by air on one side and substrate on the other, it cannot support pure TEM waves
because the phase velocity of a TEM wave on the substrate side would be c I yjR and
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the phase velocity on the air side is c because sr =1 [7]. Assuming the substrate to be
electrically thin (i.e. d A,), the fields can be approximated to be quasi-TEM so a
static-
charge analysis of the strip can be performed [7]. Now the microstrip can be modeled as
a strip inside a homogeneous substrate of effective dielectric constant se (figure 4.2).
Expressions for phase velocity and propagation constant of an approximate static
microstrip are below.








Figure 4.2: Quasi-TEM Microstrip Model
Now a closed form solution can be found for the newmicrostrip model. The approximate
formula for the effective dielectric constant is [7]:
+1 sR-\
2 2Jl + l2dlW
(4.2)
To simplify calculations, the conductors are to be assumed to be perfect conductors and
the thickness of the conductors are not taken into account. Given the ratio ofmicrostrip








sE [W/d + 1 .393 + 0.667 \n(W/d + 1 .444)]































Next, a printed circuit board duroid has to be chosen. The choice was made to use
Rogers Corporation (Microwave Materials Division) RT/Duroid 5870. The 5870 copper
laminate has a low dissipation factor (tan 8 of0.0012 to 0.005 for 10 GHz and 1 MHz
tests respectively). The substrate has a dielectric constant of2.33 and is available in a
variety of substrate heights. For the first few test circuits, substrate thickness of 60 mils
( 2 mils) and copper weight of Vi oz. was used (Rogers part # 7 0600 Ml03 AQB).
Redesigns and new PCBs of this project had a substrate thickness of 31 mils ( 1 mil)
and copper weight of V2 oz. (Rogers part # 7 03 1 0 Ml 05 AJD). For a 9 1 6 MHz
microstrip transmission line with characteristic impedance of 50 Q, d
= 60 mils, and Sr
=
2.33, the corresponding width using (4.3) is 178.2 mils (B
= 7.75913 and W/d =
2.97028). As a comparison, Rogers Corporation's MWI Impedance Calculation program
(v00Dec06) gives W
= 177.9 mils for the given parameters. Ansoft Corporation's
Transmission Line Designer (v8.71) determines the width to be 176.2 mils (note: lA oz of
metal is equivalent to 0.67 mil thickness).
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A coaxial RF connector is needed to connect the fabricated boards to the
commercial devices and testing equipment. The chosen connector is standard SMA
(subminiature adapter), or 2.4 mm connector [7]. SMA connectors have wideband
transmission performance (bandwidth ofDC to 18 GHz), and the SMA connectors used
in this project all have 50 Q, characteristic impedance. An end-launch jack is desired for
most connections because there is no drilling needed, the connection is sturdy due to
soldering on both sides of the PCB, the ground plane on both sides of the PCB are
connected, and the interface is easiest to model in transmission line theory.
Figure 4.3: SMA end-Launch Jack
Since the duroid substrates used has thickness of 60 and 3 1 mils, the chosen Johnson
Components part numbers are 142-0701-801 and 142-0701-881 (Gold plated, 62 and
31 mil PCB thickness). The dimensions A and B of figure 4.4 are pre-determined for the
chosen 62-mil connector to be 68 and 73 mils respectively.
22
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Figure 4.4: SMA End Launch Jack dimensions
For optimum performance (low VSWR) the connector to circuit board transition is









Figure 4.5: End-Launch Jack microstrip layout
Dimensions Base Width Board Thickness
"A" "B" "C" "D" "E"
Suggested 375 62 103 90 250 440 200
Used 375 60 177 160 250 00 200
Suggested 375 31 50 45 250 440 200
Used 375 31 90 90 250 00 200
Tab le 4. 1 : Compeirison ofMicrostrip Dimeiisions (in mi Is)
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The suggested dimensions for the coaxial to microstrip transition available from Johnson
Components were used in an initial simulation ofAnsoft's Serenade Design Environment
(v8.7). These dimensions were intended for a specific type of circuit board (FR4, loz
Cu, sr = 4.77), whereas the duroid chosen does not have the same dielectric constant.
The dimensions were adjusted until a suitable 50 Q microstrip system was achieved
(figure 4.6). The simulation's resulting impedance looking from the SMA connector is
49.92-j0.05 Q, for a reflection coefficient magnitude of |T|
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Figure 4.6: Simulation of the End-Launch Jack transition andMicrostrip
The next thing to consider with the design of the probe is the omni-directional
antenna. An omni-directional antenna is needed because the probe is in an unknown
environment, and it has an unknown orientation with respect to the reader device. It can
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be assumed however that the probe and reader are on the same plane of elevation and that
both the probe and reader are on flat ground and in an upright position.
For simplicity a commercially available quarter wave antenna was chosen for the
probe. The chosen Antenna Factor ANT-916-CW-QW has characteristic impedance of
50 Q at the center frequency of 916 MHz. A 50 MHz frequency sweep of the antenna
can be seen in figure 4.7.
CH1Sn 1:51.189a 6.3926a 70.607 pF
SPAN = SO MHz Marker 1 = Specified Center Frequency
Figure 4.7: Frequency sweep ofANT-916-CW-QW Antenna
By interpolation of the smith chart plot (provided by Linx Technologies), at about 891
MHz (point P) the impedance of the antenna is 62+J44 Q, giving a voltage standing wave
ratio ofVSWR = 2.234. At 941 MHz (point Q) the impedance becomes 53-J30 Q, giving
VSWR = 1 .77. The monopole's connector is a reverse-polarity SMA female.
The reverse-polarity SMA male connector used is Connector City's
STD-33-461-
TGN. This connector's microstrip to coaxial transition can be modeled similar to the
3-
coupled microstrip lines as first seen in figure 4.6. The center conductor has to be
decreased in size so that the four ground-pins of the connector are separated from the
25
transmission line by a fewmils. The resulting design is seen below, using the 3 1 mil
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Figure 4.9: Circuit Model ofCW916 Antenna Board




Figure 4.10: Circuit Layout ofCW916 Antenna Board
The scattering matrix for a 2-port
























2.34E-3 0.999 0.999 2.33E-3
143.88
Table 4.2: S-parameter Simulation ofCW916 Antenna Board
The table shows that there is a characteristic impedance of 50 Q looking into either port
(SMA End-Launch Jack or RPSMA PCB Mount) because Si i and S22 ~ 0. It also shows
that the full power of a signal travels from one port to the other (S12 and S21 ~ 1). The
reflection coefficient for each port is acceptable, so the next analysis is adding the
antenna.
The quarter wave antenna over a large ground plane can be analyzed using the
method of images. The ground plane produces an image of another XIA pole, thus the XIA
monopole behaves similar to a dipole [8]. Figure 4. 1 1 shows the physical XIA monopole
over a conducting plane and its equivalent X/2 dipole. Since there is an image and no
physical pole at the bottom, the XIA antenna only radiates in the top hemisphere.
Upon initial design and construction of the test board for the RPSMA and
monopole antenna, the ground plane was inadequately small. A general rule-of-thumb
for ground planes is to have a surface area value greater than the overall length of the XIA
antenna. For the final modified test board the ground plane has over 6
in.2
area, which is







Figure 4.1 1: Monopole with Ground-plane Image
4.2. Probe Transistor Selection and Simulations
The most important component of the probe can now be examined. The task to
change the impedance from perfect reflection (zero or infinite impedance) to perfect
isolation (impedance match of 50 Q) needs to be performed with the simplest control.
The easiest way to do this is to use a transistor, since the drain to source impedance is
dependent on the gate to source voltage. A nonlinear transistor is the most helpful since
it can then operate in a
"digital"
sense with 2 rail voltages for the gate and produce the
two extremes of |r|
= 1 and |r|
= 0.
A Hetero-Junction Field Effect Transistor (HJFET) was determined to be the best
choice of transistor to achieve the ideal switch behavior. The specific transistor is the
NEC NE34018, which is a gallium-arsenide (GaAs) L-to-S band Low-Noise-Amplifier
(LNA). It comes in a SOT-343 surface-mount plastic package. The L and S frequency
bands span 1 GHz to 4 GHz [7].
28
This HJFETs is a depletion-mode transistor, meaning in the absence of applied
reverse gate bias, current can flow between the source and drain contacts [2]. A
heterojunction occurs when contact is made between two semiconductor materials with
different band-gap energies [2]. Further analysis of the energy levels associated with the
junction can be found in [2].
The available nonlinear model of the NE34018 was used in Ansoft's Serenade
Design Environment (Harmonica v8.71) because the drain of the transistor will have 0 V
DC bias and very small RF power, so the HJFET behaves more like a switch than an
amplifier. The first simulation of importance was a DC sweep on the gate, and the
resulting impedance map of the drain. The simulation circuit is in figure 4. 12 and the
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Figure 4.12: NE34018 NonlinearModel simulation
The Vqs DC sweep from 0 V to -3 V makes the reflection coefficient ofport 2
(Drain) travel through the match of 50 Q in a straight line. This straight line Smith Chart
relationship is important to maximize




Figure 4.13: Vgs DC sweep of nonlinear model
The first step to impedance matching was to place a series resistor of 43 Q
(standard value) right at the drain. The effect of adding series resistance is illustrated
using Ansoft's Smith Tool (as seen in figure 4.14). This 43 Q has negligible effect on the
reflection coefficient of the VGS < -1 V trace.
Figure 4.14: Smith Tool Impedance Matching, series 43 Q
The new Vgs
= 0 V impedance is 48.7+i4.4 Q. Since a small rotation on the y
= 1 .019
admittance circle is required, a first choice ofmatching component may be a grounded
capacitor in parallel with the circuit. Further analysis determined the required capacitor
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size to be roughly 0.3 pF, which is so small of a capacitance that a component is not
readily available. The next matching component was chosen to be a microstrip
open-stub
tuner, with characteristic impedance 100 Q (for a narrower microstrip). Starting at Z
=
48.7+i4.4 Q fVGS = 0 V), the open stub tuner was
"stretched"
to an electrical length of
10.4. This tuner follows the same admittance circle on the smith chart that a grounded
capacitor in parallel does, so the Vgs
= 0 V point is matched closest to 50 Q, (figure 4.15).
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Figure 4.16: Matched Network circuit model
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The corresponding VGs < -1 V mapping also improved with slightly more reflection
coefficient magnitude (figure 4.15). The resulting circuit with matching network (figure





















Figure 4.17: MatchedNetwork circuit model simulation
The range of reflection (seen in Figure 4.17) is from |r|
= 0.009 to |r|
= 0.976. This
means the reflected power ratio is:
i orrrrrr Vr.V ^ '
J/i\//-/riE'A/7' * I 1- _-5fI U.UUV'













= 108.4 => 10- log10 (108.4) = 20.35 dB (4.8)
A power difference of20 dB should be no problem to detect.
The next step is to translate figure 4.16 into a valid schematic to export to a
routing machine. Certain
dimensions need to be defined to allow space for the discrete
components (43 Q surface mount resistor and NE34018 transistor). Also the SMA
connector needs to be added. For the Open-Stub Tuner, the equivalent
10.4
100 Q stub
on the 60 mil PCB can be calculated by determining the width from equation (4.5) (W/d
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< 2). The equation gives W = 51.1 mils, whereas the Transmission Line Designer Tool




eR-\ 2.33 + 1









39.25 m 1000 mil oP mis
10.4
Length= x x p -x = 274.0 mils
1 m 1 in 916 MHz
360
(4.10)
This length of274 mils was then adjusted to compensate for the extra impedance and
phase of the transmission lines from the resistor to the drain of the transistor. The final
probe schematic can be seen in figure 4.18. The resistor used was an 0805 package.
Notice that the RF port is set up for an End-Launch jack instead of the RPSMA antenna
jack. This is so the NE34018 board and CW antenna board can be tested as independent




































































Figure 4.19: Probe Board Model (Revision 2) Simulation
Overall the DC characteristics show a magnitude range of 0.009 to 0.971 of the reflection
coefficient. This relates to a 20*logio(.971/.009)
= 40.66 dB reflected power difference.
As can be seen in figure 4.19, the phase offset of the reflected signal is about -76.
The DC Vgate simulation circuit can be seen in figure 4.20, and the
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Figure 4.20: DC sweep simulation setup
Figure 4.21 shows that only a very little DC voltage leaks to the drain in the transition of
the HJFET off and on (for Vgs -0.8 V, Vds (HO) -0.2 mV). This minute amount will
34
not reduce the antenna's propagation because the gate-source signal will be transitioned














































































Figure 4.22: Simulation: Imposing a DC offset onto a sinusoid
The design so far has been strictly for a DC gate-source voltage. The purpose has
not been illustrated yet, but the importance ofusing the NE34018 as a mixer will be
35
explained in the next chapter. In order to mix a gate signal with the incident drain signal,
proper DC biasing needs to be achieved. In Harmonica, the best way to create a DC





Figure 4.23: Amplitude-Modulated Drain Voltage
The incident 916 MHz carrier is amplitude-modulated and reflected back to the antenna
to be reradiated (figure 4.23). The NE34018 probe is essentially behaving like a mixer.
The incident RF carrier (916 MHz) is the local oscillator, the Vgs signal is the
modulating (or message) signal (IF of 10 MHz or 7 MHz, bit selected), and the resulting
RF modulated signal is the reflected AM signal as seen in figure 4.23. Since the incident
and reflected RF signals are on the same electric path (but opposite propagating
directions), it is better to view the signals in the form of the transmissionmatrix A & B
network signals.
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(Antenna) a = V+/A^
b = v-jjz,
Figure 4.24: Incident and Reflected Signal Description
The voltage at the RF port is V =
V+
+V = Jz^(a + b), and the current through the port
[7]. The resulting power at the RF port is the incident
power minus the reflected power: P =
V2\a\2
- '/2|b|2. This can be seen below.
40 60
Time [nsec]
Figure 4.25a: Simulated Incident (Al) Signal
40 60
Time [nsec]












Figure 4.26: Instantaneous Power ofRF Port
Notice that the instantaneous power signal is between 0 and 400 |j.W (Pave
= 0.2 mW)
when Vgs is close to 0 V, and then the power ranges from -0.4 and +0.4 mW when Vgs
=
-1 .4 V (maximum reflection). The 100 ns window of time is one period of the IF
frequency (10 MHz). There is clearly a 10 MHz signal imposed on the power, as seen in
the B signal. A spectral analysis of the RF port power can be seen in figure 4.27.
There is the 916 MHz carrier at -14 dBm, two main sidelobes (AM modulation)
at 906 and 926 MHz with -19 dBm power, and then one can also see there is only -38
dBm DC leakage into the RF port. Thus the AM sidebands are only 5 dB below the
returned carrier harmonic. Other frequencies present are IF leakage 10 MHz at -48 dBm
and the second harmonic of20 MHz at -43 dBm. Not shown here is a second harmonic
of the carrier at 1 .832 GHz with -46 dBm power. All these power levels are simulated
assuming a 0.2 mW incident
carrier power (figure 4.22). A 0.21 1 mW incident carrier
power is achieved with 17 dBm reader transmit power, 10.2 dBi reader antenna gain, 3
38
dBi Probe antenna gain, fc
= 916 MHz, and distance of 6 feet (1.83 m) which is similar to
the hardware tests performed in chapter 6.
0.47 0.74
Spectrum [GHz]
Figure 4.27: Simulation Spectral Analysis ofProbe
4.3. Probe Hardware Testing andModifications
The schematic of the NE34018 probe as seen in figure 4.18 was exported to
Ansoft's S2A Layout. The network analyzer used was an HP8753D with a 3.4 mm
HP85033D calibration kit. The first network analyzer test of the board can be seen in







q^t chip resistor 43 O
SMA- \l strip
transformation
Figure 4.28: Probe Board Layout (Revision 2)
Gate
Figure 4.29: Probe Board (Revision 2) History
The result of the reflection coefficient difference of the 3/7/02 test in figure 4.29 was
15.3316 dB of reflected power, which was well below the expected 40 dB found in
simulation (see eq. 4.8). The problem was the VGs = 0V match not being close enough to
50 Q. A quick fix of the board was attempted to replace the 43 Q resistor with a 27 Q
resistor. This led to the measured trace of figure 4.29 for 3/1 1/02. The reduced
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resistance made the Vqs trace worse. The next simple fix was to just add a grounded
capacitance in parallel with the SMA jack. A twisted pair ofwires was soldered to the
jack and center conductor, and the length was trimmed so that about 1.3 pF was left. This
correction can be seen in the 6/14/02 trace of figure 4.29. The resulting reflected power
difference for the Vgs trace became 19.0347 dB (eq. 4.8).
-IHHi
Figure 4.30: Probe Board (Revision 2)
The modeling error in simulation needed to be determined before a third
revision
of the NE34018 board could be made. The problem of the simulation was found in the
physical layout of the transmission lines. When the layout was pictured in S2A Layout,
certain components needed to be rotated or the direction toggled in order to realize the
circuit layout in figure 4.28. The circuit was fixed so that no adjustment of the layout








Figure 4.31: Corrected Model, Simulation, and Layout ofRevision 2 Board
The marker 1 shows the simulated impedance to be 63.0+il 1.3 Q, whereas the
experimental impedance was 66.5+i*l 1.1 Q of figure 4.29. Thus the simulation model is
now correctly defined. As the simulation model's resistor is changed to 27 Q, the Vqs
=
0 V impedance becomes 46.92+i26.86 Q, and the experimentally measured impedance
was 53.9+i33.7 Q ( reflection coefficients of 0.268 Z
81
















Figure 4.32: Revision 2 redefined impedance
The new impedance to match can be seen with a look into the surface mount 43 Q
resistor of the newly modeled circuit. The simulated impedance is 49.8+il 8.0 ( T
= 0.177
Z 80.36 ), which is practically on the r
= 1 impedance circle. Thus a bettermatch is to
have a series capacitor so the marker 1 travels on the r = 1 circle to the 50 Q match. The
desired series capacitor is 9.7 pF. However for the third revision of the NE34018 board,
a smaller substrate thickness was chosen: the 31 mil Vz oz. Cu RT/Duroid 5870 with sr
=
2.33 (Part # 7 0310 M105 AJD). The microstrips were adjusted, and the new circuit
model simulates an impedance looking into the resistor of 50.4+i23.1 Q (marker 4 of
figure 4.33: Y = 0.224 Z 76.023 ). The matching impedance of-23.1 Q is achieved by a
series capacitor of 7.5 pF at a frequency of 916 MHz. The third revision circuit model is
now complete (figure 4.34). However Harmonica has problems with capacitors in a
nonlinear simulation, so a VGs simulation of static (DC) sweep and dynamic (local
















Figure 4.33: New target impedance to match
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Figure 4.34: Probe Circuit Model (Revision 3)
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Figure 4.35: Probe Layout, Picture, and experimental DC sweep (Revision 3)
The tolerance of the 7.5 pF capacitor and 43 Q resistor were both 5%. This
component tolerance can have similar consequences to dimension tolerance of routed
microstrips (such as the open-stub tuner ofProbe revision 2). Figure 4.35 shows the
experimental Vgs sweep mapping. This Vgs sweep is closer to the ideal |T|
= 0 to |T|
= 1
transition than previous designs. The reflected power difference of the NE34018
Revision 3 board is 27.5631 dB (eq. 4.8), which is much better than the tuned capacitor
fix of the previous version (19 dB).
The revision 3 board was then tested as a mixer by utilizing a circulator. Since
the incident signal travels on the same connection as the returned signal, a directional
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coupler (circulator) needs to be used to separate the signals to be analyzed. Circulators
utilize non-reciprocity microwave transmissions because a core of ferrite material is
biased by a static magnetic field. This field orients the electron spins within the ferrite to
produce a gyromagnetic effect. The non-reciprocal behavior occurs when a RF signal,
applied perpendicular to the biasing field, interacts with the precessing electrons to set up
a standing-wave pattern within the core [32]. For a three-port circulator, energy
introduced into one port is transferred to an adjacent port, the other ports being isolated.
A commercial isolator was purchased for experimentations with this project. The
circulator is an Alcatel Ferrocom 9A72-3 1 . It is a three-port circulator with 50 Q SMA
female connectors, and the bandwidth of the circulator is 850 to 950 MHz. The insertion
loss of a correct propagation path is 0.4 dB maximum, and the isolation of an incorrect





Figure 4.36: Alcatel Circulator 9A72-31
The circulator's port 1 impedance was measured with 50 Q loads on the other ports. The
results found in table 4.3 are assumed to be similar for ports 2 and 3 in the same situation.
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Freq. (MHz) 850 875 900 925 950
Z 59.37+i4.93 54.05+i0.46 49.78-il.92 46.3843. 13 43 .714346
r 0.097 Z 4.7 0.039 Z 0.5 0.019 Z 0.050 Z -3.9 0.077 Z -4.5
Table 4.3: Circulator Testing
The mixer performance of the probe was tested using this circulator. The test





















Figure 4.37: Freq. Imposed AM Test Setup
The signal from the function generator was a 1.2 Vp-p sinusoidal 7.0MHz signal with
-700 mV offset and the output setting was configured for high-Z loads since the Gate of
the NE3401 8 allows very little leakage current. The network analyzer was set to 916
MHz for the linear start-stop frequencies, the port power being 0 dBm. The network
analyzer was calibrated with the HP85033D (3.5 mm SMA) calibration kit. Starting with
the function generator spectrum sweep (figure 4.38), there appears to be a tiny second
harmonic at 14.0 MHz (marker 2) with power of -60.9 dBm compared to the
fundamental harmonic of 7.0 MHz with 0.158 dBm. The actual power levels are the
displayed marker values plus 10 dB due to attenuation (as seen in figure 4.37).
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Start 3 MHz Stop 15 MHz
Res BW 100 kHz VBH 100 kHz "Sweep 100 ms
Figure 4.38: Function Generator Spectrum Analysis
15:58:63 Jul 8, 2002






Start 902 MHz Stop 928 MHz
Res BH 300 kHz VBH 300 kHz *Sweep 100 ms
Figure 4.39: Network Analyzer Spectrum Sweep
The network analyzer produced a clean 916 MHz carrier, the second harmonic being
1 832 MHz was not analyzed since the bandwidth of the system is not that high. The
power was measured as -0.7 dBm whereas the Network Analyzer port power was 0 dBm.
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The small 0.7 dBm difference can be due to many unaccounted losses such as calibration
error of spectrum analyzer, impedance mismatch, imprecise 10 dB attenuation, and lossy
cables and adapters. An interesting analysis to take at this time was the completed setup
of figure 4.37 but with the gate signal of 0 V, so there should be a close impedance match
at the probe and very little power should be reflected back to the spectrum analyzer.
Figure 4.40 is the recorded signal at the spectrum analyzer and the difference ofpower
from figure 4.40 to 4.39 is 21.56 dB, which is due to the isolation of the circulator
(greater than 1 8 dB) being less than the power difference of27.563 1 dB for the Probe
(Revision 3, figure 4.35).
\hp% 16:80:06 Jul 8, 2002
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Figure 4.40: Returned Spectrum (Vgate
= 0 V)
The 7.0 MHz gate signal was successfully mixed with the 916.0 MHz carrier wave to
create amplitude-modulated sidebands of 909 and 923 MHz as seen in figure 4.41 below.
The sidebands are amere 2.45 dB less than the returned carrier frequency, which is good
mixer conversion. The test was performed also for a 10 MHz gate signal (figure 4.42).
49
Start 902 MHz Stop 928 MHz
Res BH 300 kHz VBH 300 kHz "Sweep 100 ms
Figure 4.41 : Mixed return signal from Probe, 7 MHz
Thp% 15:19:56 Jul 8, 2882






Start 902 MHz Stop 928 MHz
Res BW 300 kHz VBH 300 kHz "Sweep 100 ms
Figure 4.42: Mixed return signal from Probe, 10 MHz
The 10 MHz gate signal mixing exhibits the same sideband powers as the 7 MHz gate
signal, thus the bandwidth of the
system so far has not been exceeded. It is interesting to
see the entire returned signal to identify any local oscillator (gate signal) leakage since
the probe is considered as amixer.
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Start 1 MHz Stop 928 MHz
Res BH 3 MHz VBH 3 MHz #Sweep 100 ms
Figure 4.43: Sweep to identify local oscillator leakage
There appears to be very little LO leakage. The many harmonics of the 10 MHz gate
signal are mixed with the carrier, but the actual gate signal harmonics do not propagate
well in the system. The LO harmonics fall outside of the circulator bandwidth, and the
circulator bandwidth (850 - 950 MHz) is similar bandwidth to the antennas chosen for
this project. Overall the mixing properties of the probe are very good considering it is a
single transistor with no biasing circuitry (i.e. low power).
The next thing developed and tested was the monopole antenna and interface
board. The layout first seen in figure 4. 10 was milled on the specified 3 1 mil duroid and
the finished board was photographed. A reverse-polarity adapter was not available, so
the testing was performed on a one-port setup
(SI 1) instead of a full 2-port analysis. The
test was performed with load ZL on port 2 (the RPSMA connector). The following smith
chart shows the location of the test data and the table below gives some F statistics.
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Figure 4.44: CW916 Antenna Board
902 MHz 915 MHz 928 MHz
Open RPSMATest T = 0.991 Z -158.1 T = 0.990 Z T = 0.990 Z
Short RPSMA Test T = 0.978 Z
7.2
T = 0.978 Z 4.7 T = 0.977 Z 2.2
50 Q Load RPSMA Test T = 0.073 Z T = 0.075 Z T = 0.076 Z
Antenna Test r = 0.165 Z T = 0.138 Z T = 0.160 Z
Total Test T = 0.122 Z
74.9
T = 0.080 Z
108.9
T = 0.103 Z
144.7
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-J0.2
Figure 4.45: Impedance Tests ofCW916 board
The open, short, and load reverse-polarity SMA tests were tests of the board conducted
with the reference plane at the SMA jack and the various loads connected to the RPSMA
jack at the other end of the board. The electrical delay was tuned so a short at the SMA
jack would be correctly identified as r
+ jx = 0 Q. The tests show that the board was




calibrated at the RPSMA jack and then the CW916 Antenna was connected and measured
for impedance mismatch at the given frequencies. This shows that the antenna has
characteristic impedance of 50 Q because it is relatively close to the 50 Q system
impedance for a range of frequencies. The standing wave ratio at the antenna ranges
from 1.320 (915 MHz) to 1.395 (902 MHz), which means the signal undergoes a 0.120 to
0.084 dB loss ofpower.
Ptransmission =*logw(l- | r |2) = 10*log10(l-0.1652) = -0.120 dB (4.11)
The
"Total"
test is the reflection coefficient test of the CW916 Rev. 2 board with the
CW916 Antenna attached. The reference plane is at the SMA jack. The imperfect
impedance match of the board help negate the impedance mismatch of the antenna, so the
overall reflection coefficient looking into the board at the SMA jack is less than the
"Antenna"
test. The standing wave ratio at the SMA jack varies from 1.278 (902 MHz)
to 1.174 (915 MHz), which means the power loss range is reduced to 0.065 and 0.028 dB.
The standing wave ratio of 1 .278 is considered small when compared to commercial
antenna systems (typically stated as < 1.5). There cannot be a SWR =1.0 for all
frequencies of operation because the antenna and microstrip feed can only be tuned for




A Reader device has to be designed that emits a constant-wave (CW) carrier and
detects the returned (reflected) signature waveform of the Probe in an unknown
environment. The first method of communication is the carrier-present carrier-absent
method as described in figure 2.4.
5.1. Simplest Reader (CPCA) and Issues
As viewed in figure 3.2, the first few things a reader device needs are a
transmitter and an antenna to emit the carrier wave. An available transmitter (introduced
in section 2) is the HP8656B Signal Generator. The frequency (CW mode) can be
programmed from 100 kHz to 990 MHz with 10 Hz resolution. The datasheet states the
output level range is +13 dBm to -127 dBm (20 mW to 0.2 fW) into a 50 Q system.
However the generator allows the user to program the output up to +17 dBm (50 mW).
The HP8656B generator was tested using an HP43 IC power meter (PM) with
thermistor mount 478A, and also tested using the HPE441 IB Spectrum Analyzer (SA)
with in-line 10 dB attenuator PE7002-10. The error for all power levels is below 1 dBm
except for the +17 dBm test, which is 15.42 dBm (35 mW) instead of 17 dBm (50 mW).
This is why the datasheet claims 13 dBm
maximum power, because the error becomes
greater beyond +13 dBm.
The next component selected for the reader is a directional-gain antenna from
Antenna Factor. The ANT-91 6-CN-N has a bandwidth of 70 MHz with center frequency
of 916 MHz (881-951 MHz). The matched wideband impedance is 50 Q with a voltage
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standing wave ratio less than 1 .5 (|r| < 1/5). It is a corner antenna so it uses vertical
polarization and has 10.2 dBi gain with a horizontal beam width of50.
Claimed -40 -35 -20 -15 -10 -5
Measured -40.27 -35.24 -20.30 -15.30 -10.22 -5.61
Error 0.27 0.24 0.30 0.30 0.22 0.61
Test Device SA SA SA PM PM PM
Claimed 0 0 5 10 13 17
Measured -0.76 -0.23 4.39 9.59 12.54 15.42
Error 0.76 0.23 0.61 0.41 0.46 1.58
Test Device PM SA PM PM SA SA






Figure 5.1: ANT-916-CN-N Antenna
There was no antenna pattern information available for this antenna, so an outdoor test
was performed to gather data to form an antenna pattern plot. The setup for the test can
be seen in figure 5.2. The setup used 1 V2
"
PVC piping, 2 antennas, the HP43 IC power
meter, and the HP8656B signal
generator (fixed at 916 MHz). A PVC pipe was
connected to each antennamast so the distance from antennamast to antennamast was
fixed at
6'










/ Stationary freq. = 916 MHz
from mast-to-mast / Powered Power = Varied fo
Antenna each test
Figure 5.2: AzimuthAntenna Pattern Test Setup
Figure 5.3: Elevation Antenna Pattern Test Setup
The tests were performed outdoors at a rural residence so as to minimize multi-path
reflections. These were crude tests but necessary since an anechoic chamber was not
available. The receiving antenna orientation was not adjusted for the azimuth test, so the
main beam of the receiving antenna was always directed to the transmitting antenna.
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However for the elevation test the receiving antenna's orientation was adjusted so the
main beam of the receiving antenna was always directed to the same direction (thus the
angle of the beams relative to each other is doubled). This was done to ensure a true
horizontal polarization transmission.
Ptx = 2.4 dBm (1.74 mW PTX = 7.723 dlBm (5.92 mW)
Angle Prx (mW) Pdiff (dB) GainADJ (dB) PRx(mW) Pdiff (dB) GainADj (dB)
0 0.76 -3.59 0.00 1.55 -5.82 0.00
5 0.75 -3.65 -0.06 1.35 -6.42 -0.60
10 0.65 -4.27 -0.68 1.15 -7.12 -1.30
15 0.56 -4.92 -1.33 1.0 -7.72 -1.90
20 0.44 -5.96 -2.37 0.825 -8.56 -2.74
25 0.30 -7.63 -4.04 0.67 -9.46 -3.64
30 0.21 -9.18 -5.59 0.48 -10.91 -5.09
35 0.15 -10.64 -7.05 0.26 -13.57 -7.75
40 0.085 -13.10 -9.51 0.165 -15.55 -9.73
45 0.068 -14.07 -10.48 0.12 -16.93 -11.11
50 0.05 -15.41 -11.82 0.08 -18.69 -12.87
55 0.042 -16.17 -12.58 0.077 -18.86 -13.04
60 0.032 -17.35 -13.76 0.066 -19.53 -13.71
65 0.027 -18.09 -14.49 0.05 -20.73 -14.91
70 0.022 -18.97 -15.38 0.036 -22.16 -16.34
75 0.020 -19.39 -15.80 0.03 -22.95 -17.13
80 0.018 -19.85 -16.26 0.03 -22.95 -17.13
j
85 0.015 -20.64 -17.05 0.025 -23.83 -18.01
90 0.0125 -21.43 -17.84 0.02 -24.71 -18.89
95 0.0100 -22.40 -18.81 0.015 -25.96 -20.14
100 0.009 -22.86 -19.27 0.014 -26.26 -20.44
Table 5.2: Azimuth Antenna Test
The Azimuth test was performed twice with transmit powers of 2.4 and 7.723 dBm. Pdiff
represents the power difference of transmitted and received powers, and GainADj
represents the normalized antenna pattern gain. To check the validity of the power loss,
consider
Friis'






tests. Since the same antennas were used for transmit and receive, the antenna











So Gant = 51.42 or 17.1 dBi, which is much more than the specified 10.2 dBi. This error
could be caused by precision error from the power meter, and the fact than the actual
distance from antenna mast-to-mast is 2.025 m, so the real distance from
antenna-to-





Azimuth Antenna Pattern Elevation Antenna Pattern
Figure 5.4: ANT-916-CN-N Measured Antenna Patterns
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The gain is recalculated to be 39.78 or 16.0 dBi. The same experiment was conducted for
the elevation pattern, and the resulting gain patterns can be seen in figure 5.4.















35 0.0775 -25.40 -6.04
40
0.038 -28.50 -7.59
45 0.015 -32.54 -9.60
50 0.009 -34.75 -10.71
55 0.0079 -35.32 -11.00
60 0.0082 -35.16 -10.92
65 0.0082 -35.16 -10.92
70 0.0081 -35.21 -10.94
75 0.0081 -35.21 -10.94
80 0.0082 -35.16 -10.92
85 0.009 -34.75 -10.71
90 0.009 -34.75 -10.71
Table 5.3: Elevation Antenna Test (PTX = 14.3 dBm)
As can be seen in the adjusted elevation antenna gain in table 5.3, the relative gain was
halved due to both receive and transmit antenna patterns being tested simultaneously.
From the gathered data, it is clear that the antennas should be operated in a vertical
polarization setup. If the antennas are to be isolated from one another, it is easiest to
have them on the same elevation plane and to not have the radiating elements in a
line-of-
sight with each other.
Now that the transmitter, receiving antenna, probe antenna, and probe are defined,
the first reader design (seen in figure 3.2 and reintroduced in figure 5.5) can be analyzed.
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Figure 5.5: CPCA Simple Reader
Assume an ideal circulator for now (infinite isolation, zero insertion loss). If the reader's
antenna was perfectly matched to the line there would be no unwanted reflections from
the antenna back into the circulator. Therefore the only signals returned to the RX
Reader would be from the probe and from other environmental effects (reflective objects
in the area around the reader and probe, rain, ground reflections, etc.). Assuming the
distance of the probe is 2 meters (or more), the CPCA modulation of a perfect probe (full


















where Gr = Reader Antenna Gain, Gp










- 49 dB. So the maximum power that can be detected at the reader due to the probe is
- 49 dBm if the transmitted power is 1 mW. In reality, the power will be slightly less due
to imperfect impedance matches, and the static-power difference as measured in figure
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4.35 was at best 27.563 1 dB. This means the detected power at the reader would be - 49
dBm and -76.6 dBm if the transmit power is 1 mW.
As discussed on page 46 the Alcatel circulator has about 18 dB isolation, which is
not adequate at all since the minimum isolation would need to be about - 49 dB in order
to detect the Probe's returned power. If the Alcatel circulator was used in figure 5.5,
there would be an attenuated signal path from the transmitter into the RX reader (-18
dBm for 1 mW Ptx), and a very weak
- 49 dBm Probe signal would be imposed on the
transmitter leakage at the same frequency. If the Probe signal and transmitter leakage
signal had constructive interference, the power of the signals can be added. The resulting
detected power levels for a CPCA MBM Probe would be 0.015849 and 0.015862 mW.
The difference ofpower is 0.08%. This is practically undetectable in any real-world
environment full ofnoise and reflections ofnearby objects (see CPCA detection in
chapter 6).
Consider the case where a circulator with isolation greater than 50 dB is used
(which does not exist commercially today). The system may not work still if there is not
a perfect impedance match at the reader's antenna. As stated on page 54, the wideband
impedance of the ANT-916-CN-N antenna is 50 Q but there exists a non-zero standing
wave ratio for all frequencies. That is because no antenna can be perfectly matched to
the impedance of free space (-377 Q) for any frequency, so there will always be a small
amount of reflected power at the antenna. The ANT-916-CN-N antenna was tested from
902 to 928 MHz on a network analyzer (port power 0 dBm) and produced the following
smith chart curve in table 5.4. This test is not considered a true T test because it was
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performed indoors where there are many reflections (instead of an anechoic chamber).
However this can be a beneficial test because the reflections from wall and other indoor






Freq. (MHz) ZL(Q) r
902 55.6-8.3i 0.0947 Z
915 50.2-10.5i 0.104 Z
928 47.1-15.2i 0.158 Z
Table 5.4: ANT-916-CN-N Impedance Map
The 915 MHz impedance (approximately equal to the 916 MHz impedance) causes a
reflection coefficient magnitude of 0.104. This means
|r|2
= 0.0108 (or -20 dB) of the
transmitted power is reflected right back to the reader because of the circulator's path of
propagation. So the large amount of isolation of the circulator is wasted because of the
undeterred reflected power of the antenna impedance mismatch (-20 dBm at the reader
for Ptx
= 1 mW). Clearly the figure 5.5 system is flawed and will not work for distances
greater than ameter in a real environment.
5.2. Clutter Reduction and Signal-Detection Improvement
The key to improving the detection of the probe's signal is to improve the
isolation of transmitter power with the reader's detector. One way to accomplish this is
to have two directional antennas at the reader: one for transmitting and one for receiving.
The two antennas can be side-by-side, separated by some distance, and point in the same
direction. Greater isolation can be accomplished by having a radar-absorbing material
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(RAM) placed in-between the antennas. Radar-absorbing material is a dielectric-based
sheet that is placed on a metallic baffle and usually absorbs up to 20 dB of incident power
before it is reflected. However this leads to greater costs of size and price. Another
antenna was purchased for this option, but radar-absorbing material was too expensive
($400 minimum for 1 sheet: 24"x24").
This option may also suffer from the same problems as before: higher power of
unwanted reflections than the returned power from the probe. Since the same frequency
is returned at the reader's antenna from foreign objects and the probe, there is no way to
distinguish the signal from the clutter. Unless the exact environmental layout is known,
there can only be assumptions made on the amount of clutter returned at the reader's
antenna. It is safe to assume that this clutter will be many decibels stronger than the
probe's signal because the probe's electric size is the size of a mere monopole about 8 cm
long, and the distance will be at least 2 m away. The ground, foliage, or animals in the
reader antenna's radiation pattern may have enough RCS to reflect more carrier wave
back to the Reader than the Probe.
To overcome this high-clutter problem, it is best to have the probe perform some
unique signal alteration before it is reflected back to the reader. This alteration will stand
out from the clutter and will then have a higher probability ofdetection. Proposed in
chapter 4 (Probe Designing) was the idea to have an amplitude modulation of the carrier
at the probe. This will generate sidebands from the 916 MHz carrier which can be
detected at the reader.
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There are two options of reader detection using this amplitude-modulated carrier.
The simplest is to have the gate signal of the NE34018 HJFET alternate between a
negative-biased intermediate frequency (previously selected at 7 or 10 MHz) and then



















Figure 5.6: Improvements to Reader
Now the purpose for dynamic Vgs simulation and experimental data from Section
4.3 can be understood. The returned sideband power was illustrated to be at most 5 dB
below the returned carrier power from the probe (figure 4.27 and figures 4.42 and 4.43).
The high-powered carrier is still being reflected by unknown objects within the antenna's
main-beam (large clutter). There has to be some way to separate the huge 916 MHz
signal from the 916fd sideband. The easiest concept is to have a high-frequency filter to
let just the sideband frequency through.
Let's assume the same setup similar to figure 5.5 where there is 1 reader antenna
with a mismatched impedance, generating a reflection coefficient of |f|
= 0.104. The
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example stated before with d = 2 m states the ratio of carrier power returned to the reader
from the probe is Prx/Ptx = 1 .2554E-5, or - 49 dB. Thus the sideband power is about -
54 dB with respect to the transmitted power. The
"clutter"
due to the impedance
mismatch has a power of - 20 dB. A filter needs to be created in hardware that has order
N, corner frequency fo-fd, maximum attenuation in the pass band of aMAx, and minimum










Figure 5.7: HF Filter Specifications
The value for fd affects the power of the sideband because the probe and reader
antennas'
bandwidth is limited. The maximum fd is chosen to be 10 MHz. Too small a
value of fd makes it harder to isolate from the high-powered clutter signal. So a
minimum fd was chosen to be about 3 MHz. Another concern is second and third
harmonics of the intermediate frequency fd. With a two-IF frequency selection setup, the
frequencies fdl = 3 MHz and fd2 = 6 MHz should not be used because the second
harmonic of 3 MHz is 6 MHz, so there may be a false signal sent.
If fo = 916 MHz and fd
= 10 MHz, then the filtermust have attenuation growth at
a rate greater than:
20 -"54
log10(9166)-log10(9066)
7131.96 dB/decade. Since 1 -order of
a filter produces a 20 dB/decade attenuation rate, then there must be at least a 357 order
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filter designed to isolate the AM sideband from the clutter. These filter specifications are
very difficult to achieve within a certain degree of accuracy using conventional
microwave passive filters or using operational amplifier based filters.
The next approach to isolate the sideband from clutter is to demodulate (down
convert) the received signal using amixer. This will bring the AM sidebands back to the


















-fd2-fdl 0 fdl fd2
Figure 5.8: FSK IF and AM RF modulation setup (Switching-IF Design)
ij(.
J
The local oscillator of the mixer can be an attenuated version of the transmitted carrier by
using a directional coupler. The
directional coupler used wasNarda Microwave
Corporation's 10 dB coupler, model # 3045B-10.
The local oscillator of figure 5.9 is the 916 MHz (noted as cox) attenuated tap
from the transmitted signal, with magnitude X:
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LO: X CO$(coxt + 0X ) (5.3)
The RF input to the mixer is the returned signal from the probe with clutter, which has a
higher 916 MHz magnitude than the sidebands. The mixed frequency is noted as coY.
RF: Ycos[(a)x+Q)Y)t + eA]+Ycos[(o)x-coY)t + 0B]+ Zcos{oJxt + 0z) (5.4)
= Si + s2 + s3
Some assumption to be made are: Angles 0X, 6A, Ob, and 0Z e 0 -> 2tt and constant with
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Figure 5.9: Mixer Analysis
Assuming a perfect mixer and no harmonic generation, the mixer will down-convert the
desired sideband into an easily detectable intermediate frequency range (IF).
LO*S!
= XYcOs(0)xt + 6X )C0S[(C0X +6)r)t + 0A] (5.5)
= {cos[(2o)x +o)Y)t + 6A+6x\ + cos(coYt + 9A-0X )}
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coy )t + 6B + Ox ]+ cos(/V - 6B + 0X )}




{s[2coxt + ez+6x\ + cosfe
-
6X )}
The intermediate frequency ofY can be isolated from the other mixed frequencies by
having a band-pass filter after the mixer that attenuates the unwanted DC and high-
frequency (2coY) components (figure 5.9).
Signal B = XY cos(coYt +
9A~
6X )+XY cos(a>Yt -0B+ 6X ) (5.8)
Now there are two options for detection and recovery of the data signal. The first
is to have a single detector that would capture the envelope of the probe's gate signal and
compare that to a fixed voltage value. This comparison is a hard-decision selector for a
binary 1 or 0 sent. This would be used for the gate signal seen in figure 5.6.
The other option for detection would be to have the probe select a frequency to
mix with the carrier wave. This is sort of a frequency-shift keying modulation at the gate
of the probe's transistor. This FSK gate signal would then amplitude-modulate the
reflected carrier wave. This can be understood easier in figure 5.10.
Now a pair of filters can isolate two intermediate frequencies. The measured
power of the output of each filter can be compared to determine if a digit 1 or 0 was sent
(figure 5.10). This is the best system yet because the performance is the least dependent
on the amount of clutter and range of the system. If the data stream is much less than fdl
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and fd2, then either an fdl intermediate frequency is more present or an fd2 intermediate






Figure 5.10: FSK & AM Probe and Reader Setup
Once concern involving mixers is the issue of fading. Fading is caused by the
cancellation of signals when the phase offsets are constant and add to make destructive
interference. Referring to eq. (5.8), the situation when fading will occur will be if0a - Ox
= 0X - 0b + 7i. Thus there will be fading problems when the phases of the returned
sidebands with respect to the local oscillator have a sum of an odd multiple of tc.
0A + 0B-20x=(2k+l)7c, ke 0,1,2,... (5.9)
The phase of a sinusoid with zero phase offset that originated at distance d with
frequency fA is:
2nd
eA = fA (5.10)
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The frequency components fA and fB originate from the probe, but fx is the local
oscillator that originated from the transmitter. The distance from the Reader to the Probe
is unknown, the phase offsets of the AM sidebands are unknown, and the high-powered
clutter phase and clutter source is unknown. These unknowns make it difficult to
determine the fading distances. It is also difficult to use a phase-locked loop as a solution
because the returned carrier wave from the probe has very little power compared to the
carrier-wave clutter from larger nearby objects.
In summary ofMBM system concepts, three are outlined from herein. The first is
the simple carrier-present-carrier-absent system of figure 5.5. The second is a two-IF
system that has each IF assigned to a bit pattern. The Probe needs to have circuitry that
switches the applied gate signal of the HJFET between the two negative-biased IF
frequency signals. This system will be referred to as a
"Switching-IF"
MBM system.
The third system designed and tested will be similar to the switching-IF system, but
instead of two intermediate frequency choices per bit-pattern, there will be one
intermediate frequency present or none at all. The Probe would then be reflecting an AM
signal back to the Reader, or not reflecting anything back to the reader. This system will
be referred to as a
"Single-IF"
MBM system.
5.3. Switching-IF MBM Hardware Selection, Design, and Testing
Since this project already deals with many independent parts, a commercial mixer
was chosen instead of designing amixer with no prior experience. The chosen mixer is
Mini-Circuits SYM-860 mixer. It is a passive double-balanced mixer with a rated local
oscillator port power of 7 dBm and up to 1 dBm RF port power. Since the maximum
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transmit power of the RF source is 17 dBm, a directional coupler with a 10 dB tap can
generate the needed local oscillator.
Figure 5.11: SYM-860 Mixer
A double-balanced mixer is beneficial to this project because the third-order intercept is
large (typically when RF power is 18 dBm ormore). Double-balanced mixers have
excellent RF/LO isolation, excellent conversion loss, however they have a poor RF
standing-wave ratio (SWR) [7].
A double-balancedmixer is defined as not having feed-through from either the RF
or LO port. The output of a double balanced mixer is the product of the RF and LO
signals, so the best RF-IF and LO-IF isolation are obtained. Since the local oscillator is
large (+7 dBm) compared to the RF signal (less than -10 dBm), the local oscillator
effectively turns the diodes of the diode-bridge modulator on and off like switches [10].
With the LO providing a switching control signal, the circuit model of figure 5.11 acts
like a time-varying linear circuit with respect to the RF port [10]. When the local
oscillator is positive (VLo(t) > 0), the intermediate frequency has a voltage proportional to
+VRp(t). When the local oscillator is negative (VLo(t) < 0), the intermediate frequency
has a voltage proportional to -VRF(t) (see figure 5.12). Thus the output voltage
(intermediate frequency port) of this double balanced mixer has a behavior described by
equation 5.10. The equation 5.9 is the equivalent of a1 square wave with period TLo =
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l/fLo and symmetric about the y-axis [10]. If the incident signal has a non-zero spectrum
around fRF, then the output will have spectrum of frequencies |fRF nfLo|, where n
=
1, 3,






















LO is positive: IF a RF
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-r LO is negative: IF a -RF
Figure 5.12: LO Switching Analysis ofMixer
The
SYM-860'
s RF and LO ports allow frequencies from 800 to 1050MHz, and
the IF port allows frequencies from DC to 250 MHz. The maximum conversion loss is 7
dB, the minimum LO-RF isolation is 25 dB, and the minimum LO-IF isolation is 20 dB.
Manufacturer's performance data on the SYM-860 show that for an RF signal of 904
MHz and LO signal of 934 MHz the conversion loss is about 5.46 dB. For a 7 dBm LO
signal of 915 MHz the LO-RF isolation is 39.2 dB and the LO-IF isolation is 37.5 dB.
This means a -30.5 dBm 916 MHz LO leakage will always be present on the IF port.
Matching networks on all mixer ports should be avoided because the components
within the SYM-860 are nonlinear in certain power and frequency ranges, so a proper
match for all situations cannot be achieved. The intended frequencies that are desired
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from the IF output are fdl and fd2, which have been chosen as 7 and 10 MHz. The
wavelength of 10 MHz in free space is about 30 m, so it is at least 25 m when the signal
travels on amicrostrip with some substrate dielectric greater than 1 . It is a safe
assumption that matching networks can be avoided at 10 MHz if the remaining circuitry
is in close proximity to the SYM-860 IF output. Thus 50 Q (90 mil wide)
microstrips





























Figure 5.14: SYM-860 Test Setup
The test setup seen in figure
5.14 was assembled and the Gate signal of the probe was
alternated between 7 and 10 MHz sinusoids
with amplitude 1.4 Vpp and -700 mV offset.
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*Res BN 1 MHz
Stop 40 MHz
VBW 1 MHz #Sweep 100 ms
Figure 5.15: IF output: 7 MHz
Figure 5.15 shows the intermediate frequency output of the mixer when the 916 MHz
carrier was mixed with a 7 MHz signal at the probe. As expected, the second and third
harmonics are present but below the fundamental harmonic by a factor of 1 1 dB or more.
Having band-pass filters after the mixer's output can further attenuate the harmonics.
Figure 5.16 is the same test but with a 10 MHz IF signal. As seen in figure 5.15 and
5.16, the IF output can have a wide range ofpower levels due to the incident RF and LO
signal. Figure 5.17 and 5.18 show the whole spectrum of interest for the mixer output.
Since the LO signal was about 7 dBm, the LO-IF isolation is about 33 dB.
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#Res BW 1 MHz VBW 1 MHz
Stop 45 MHz
Sweep 100 ms



















VBW 1 MHz Sweep 100 ms
Figure 5.17: LO leakage into IF (10 MHz)
Start 1 MHz
Res BM 1 MHz
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*Res BW 1 MHz VBW 1 MHz
Stop 930 MHz
?Sweep 100 ms
Figure 5.18: LO leakage into IF (7 MHz)
One can see many harmonics generated at the IF output. All of these harmonics can be
filtered out with a band pass filter, centered on the intended IF range (7 to 10 MHz).
Since there is a large amount ofunwanted harmonics above and below the
intended IF frequency, a band pass filter is desirable which will pass both IF frequencies
fdl and fd2 (7 and 10 MHz) with equal attenuation or gain. Since the maximum range of
the system is undetermined so far, and the maximum transmit power is over 30 mW, the
selection for a specific pass-band gain or attenuation is difficult to determine. Therefore
a tunable-gain filter is needed for this project's proof-of-concept. This tuning can be
achieved off-line with a network analyzer and potentiometers, however a real-world
application may need an active-gain
control stage for the filter. This could be achieved
with a logarithmic detector, which will be discussed later.
The operational frequency range for this filter is to be around 100 kHz to 50 MHz.
This would then exclude the data rate (assumed to be serial-port rate, up to 56 kbps), and
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would also exclude the higher-powered LO leakage of -916 MHz. A filter technology
has to be defined first. Filter technologies that can operate in that frequency range are
Op-Amps, Toroid & POT cores, solenoid filters, and even crystal filters [5]. Since the
detection range is intended to be about -70 dBm to +20 dBm, the loaded Q of the filter
does not need to be large and is expected to be in the 1 to 30 range for stability and
accuracy concerns. The higher Q desired, the more difficult it is to create exact
components for that design. Out of the listed filter technologies, Op-Amps are the best
choice for the loaded Q parameter and the fact that they are active devices that mean a
band-pass gain is possible.
Most commercial Op-Amps have a bandwidth of 1 MHz, so a search for a high
speed voltage feedback Op-Amp produced the choice for National Semiconductor's
LM7171 Op-Amp. It is a wideband Op-Amp (open-circuit unity-gain bandwidth of 200
MHz) that has a 4100 V/u.s slew rate. Since it is a voltage-feedback
Op-Amp and the
frequency range is less than 50 MHz, traditional (classic) filter design can be used instead
ofmicrowave-filter design.
Since the IF output can have a power range of -70 to +10 due to the distance of
the probe and the transmitted power, the IF signal is weak and can be subject to noise
problems if it is not amplified right after the mixer output. Thus the desired function of
the first filter is a line driver/buffer for other circuits so that the mixer's IF output is not
loaded down. The filter bank (fdl and fd2 filter) requires power so the line-driver filter
will produce two outputs to drive each filter bank input. Since the IF filter will be around
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7 or 10 MHz, a power-divider is not needed since the signal is driven from an active op-
amp. Specifications for this line-driver pass-band filter are demonstrated below.
a
Wi = 6 dB aMIN
QMAX - 1 dB
_l I 1_
-*-o>
cj3 col toO n>2 oj4
Figure 5.19: Line Driver Filter Specifications
The corner frequencies of the 1 dB pass band were chosen as the 7 and 10 MHz IF
frequencies for col and co2 respectively. Since filters have attenuation responses
logarithmic to frequencies, the logarithmic mid-point of the pass band was determined as
8.37 (or V70) MHz for coO. The stop band frequencies were chosen as 15 MHz and the
equivalent logarithmic distance of4.67 (or 70/15) MHz for co4 and 3 respectively. The
next choice was to select a type of filter. A Burterworth filter has all the poles and zeros
on the unit circle of a normalized-frequency design. That particular pole-location setup
would create a
"maximally-flat"
pass band response. A Chebyshev filter has pole and
zero locations on an ellipse curve when viewing the normalized-frequency design. This
particular pole-location setup generates Lissajous figures within the pass band, which
would look like local (not global) maxima and minima when viewing the attenuation
frequency response. For this particular gain-tunable line-drive filter, amaximally flat
pass band is desired because the same attenuation for 7 MHz and 10 MHz is desired. The
first step is to convert the band
pass design into a low pass design, using the equivalent

















Figure 5.20: Band pass to Low pass Conversion








0.988 * 1 (5.13)
Now the 3-dB corner frequency can be determined by relating the pass band attenuation
otMAX at frequency Qp to the 3-dB attenuation of Q0.
1
Q0 =






The Geffe algorithm can be used to convert the poles from a low-pass prototype into the
poles of the band-pass design [9]. The low-pass prototype has the transfer function T =
1/(1-S/Ei). Translation of the low-pass prototype into a band-pass design is achieved by
















The BPF can now be defined in hardware. A Friend circuit was chosen for




Figure 5.21: Normalized Delyiannis-Friend Circuit
The transfer function of the figure 5.21 circuit is:
OUT
-C2R2s
V'N CxC2RxR2s2 +(Cx+C2)Rls + (RyR+\
(5.17)
The values for Cl and C2 are calculated to be 0.352 F, and R2 is 8.055 Q. The
components have to be frequency and magnitude scaled. The desired value for the







The new values for RI and R2 become 447 Q and 3600 Q respectively. The transfer





+ 0.704s + 1
(5.19)
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Figure 5.22: Simulation ofLine Driver BPF
30HHZ
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The BPF was simulated in Oread Schematics. The peak of the band pass filter
was slightly off from the intended 8.36 MHz. For hardware construction, the resistor RI
was chosen to be a 330 Q. resistor in series with a 500 Q potentiometer, and the resistor
R2 was chosen to be a 2 kQ resistor in series with a 1 kQ potentiometer. This R2 was
reduced because it forced the pass band higher in the frequency range. The
potentiometers RI and R4 of figure 5.23 allowed for a pass band frequency and gain
tuning respectively. The reason can be understood more when one considers the
tolerance of each component. The potentiometers allow the user to correct any
component tolerance or Pspice model errors and achieve a balanced pass band that does
not favor either intermediate frequency. Other components added were a 1 00 kQ resistor
(R5) to help reduce noise spikes and a 52.3 Q resistor (R6) so the impedance looking into
the filter's input is around 50 Q. The Line driver band-pass filter was tested using a full
2-port analysis on the HP8753D Network Analyzer. The potentiometer-tuned frequency
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Figure 5.23b: Modified Line Driver simulation
15.0MHz
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Figure 5.24: Tuned Line Driver Frequency Response with SI 1 insert
20
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This shows a balanced Line driver IF Band-Pass filter (balanced meaning the 7 MHz and
10 MHz frequencies have the same gain). The pass band maximum attenuation is 0.79
dB (between 7 and 10 MHz) and the stop band minimum attenuation is 5.14 dB (between






















Figure 5.25: Line Driver Board and Layout
Next, the IF filter banks were developed. The same circuit (Friend) and layout was
chosen for the 10 and 7 MHz band-pass filters. Thus they are also
1st
order, but the Q
values and center frequencies will be different. The BPF specs as first identified in figure
5.20 is defined for the 10 MHz BPF. A Chebyshev pole-placement is desired for
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Figure 5.26: 10 MHz BPF Specifications
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The pass band was chosen to start at 9 MHz, and the equivalent logarithmic-spaced end is
100/9 or 1 1.1 1 MHz. Likewise, the stop band at 7 MHz is logarithmicallymirrored at
100/7 or 14.29 MHz. The minimum attenuation in the stop band is 10 dB, so a lst-order
filter will define the allowed attenuation in the pass band. The low-pass prototype of the






















The half-power frequency of the LPF prototype needs to be determined. The Chebyshev
1




cos(n cos_1(co)) and |co| < 1. The scale factor s is less than or equal to 1, and is determined
by s = Vl0amax/10-l, so Q^ = Q0 = cosh
1
. For this particular design, the
value of 1/s is 1.15172, and since n
= 1 the normalized half-power frequency is 1.15172.










where k is the stage of the filter: k = {0, 1, . . ., n-1 } and a = -sinh
'P
For this design, a = 0.985 which gives a0 = 1.15172 and co0 = 0. The pole location of the
LPF prototype is -1.15172. This real-axis pole is also denoted asS i
= 1.15172 upon
using the Geffe Algorithm. The characteristic qc
=








Q = = ^- L = 4.1 1282 (5.23)
2, 1.15172
The Friend circuit of figure 5.27 was used for this 10 MHz BPF. Due to the higher value
ofQ than the line driver circuit, the gain of the pass band will need to be reduced. A
modified version of the Friend circuit is below. If one assumes the impedance ofRb is
much smaller than the impedance of the capacitors Cl and C2, then the Ra and Rb
modification looks like a voltage divider with VRb/Vin = H. If the pass band gain of the
BPF is chosen to be 1, then the gain of the voltage divider must be H
= l/|T(jo)|. The
magnitude transfer function of the Friend circuit in figure 5.21 (absent R3) has been
determined to be:
m\=.\-,
, (2?rf - v (5.24)[co -co0 j +(cvco0/Q)
If oo = coo
= 27i* 1E7 rad/s is substituted, then the corresponding pass-band gain of the
Friend circuit is
2Q2
= 33.83. Thus normalized Ra and Rb should be 33.83 Q and 1.03 Q
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respectively in order to have a pass band gain of 1 . The normalized values for C 1 , C2,




Figure 5.27: Modified Friend Circuit
The frequency scale constant kf is 2tcE7, and the choice of capacitor for Cl and C2 is 47




Component C1&C2 R2 Ra Rb
Normalized 0.1216F 67.66 Q 33.83 Q 1.03 Q
Freq. & Mag.
Scaled
47 pF 2785 Q 1393 Q 42 Q
Used in Sim.
and Hardware





Table 5.5: 10 MHz IF BPF Component Values
Due to the non-ideal model of the simulation, the resistors Ra, Rb, and R2 were adjusted
to achieve desirable pass band gain and frequency-position in simulation. As with the
line driver circuit, potentiometers were implemented in hardware for tuning purposes.
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15.0MHz
Figure 5.28: 10 MHZ IF BPF Simulation
Initially in hardware the R2 resistor was a 2 kQ resistor in series with a 1 kQ
potentiometer. The hardware testing of the BPF determined that the R2 resistance was
too high, so a second board of the 10 MHz BPF was milled and the 2 kQ resistor was
replaced with a 1 kQ resistor. The tuned experimental results are seen below. The pass
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band attenuation is about 2.84 dB, which is slightly higher than the calculated 2.44 dB.
The stop band attenuation is 10.58 dB, which is better than the specified 10 dB.
8 10 12 14 16 18 20
Freq. [MHz]
Figure 5.29: 10 MHz IF BPF Frequency Response
The original board of the 10 MHz filter was salvaged by adjusting the
potentiometers so it would perform as a 7 MHz IF BPF. The only physical difference of
the two IF BPFs is the surface mount resistor R2 (1 kQ for 10 MHz BPF, 2 kQ for 7
MHz BPF). Since the 7 MHz BPF was not actually designed to be a 7 MHz filter, the Q
value of the 10 and 7 MHz BPF are not the same. Again, the simulation and hardware
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Figure 5.31:7 MHz IF BPF Frequency Response
18 20
As in the simulation and hardware results of the 7 MHz tuned BPF has more attenuation
in the stop band than the 10 MHz filter. The simulated value of the 7 MHz BPF needed
R2 to be about 4 kQ, whereas the experimental value was only 2 kQ. Using the same Q
value for the 10 MHz filter (Q
= 4.1 1282), kf
= 2tt*7E6, the newmagnitude scale factor
km = 58.81. This gives Ra, Rb, and R2 to be 1990 Q, 61 Q, and 3979 Q respectively.
The resistors Ra and Rb mostly affect the gain, but the resistor R2 greatly affects the pass
band frequency. This shows consistency between the calculations and the simulations,
but the hardware behaves differently and component values must be adjusted. The same
layout as figure 5.25 was used (Line Driver
Op-Amp BPF).
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Figure 5.32: 10 and 7 MHz IF BPFs
Upon further testing of the IF band-pass filters using the LM7171 Op-Amps, a
problem in initial assumptions was realized. A detrimental harmonic around 700 to 800
MHz was generated/amplified by the Op Amp circuit. An original assumption of the
behavior of the filters was that there was always a strong presence of a 7 or 10 MHz
signal to amplify. In reality, the 7 or 10 MHz IF signal will be well below a typical Op-
Amp input signal strength (less than -29 dBm). The transmitted power is at most 17
dBm, and the practical distance to use theMBM system is at least 1 meter. If the
conversion loss at the probe from the incident carrier wave to the AM sideband is 3 dB,
then an estimate for received AM sideband power follows:
Pprobe [dBm]
= PTX [dBm] + Gar [dBi] + Gap [dBi]
- LFS [dB]
Pprobe [dBm]






- LConv_mix+ GAp [dBi] + Gar [dBi] - LFS [dB]
Preturn [dBm]
=






Preturned [dBm] - LCOnv_dc [dB]
=
-23 dBm - 6 dB = -29 dBm
For a -29 dBm IF signal in a 50 Q system, the RMS voltage is 7.9 mV which is a very
small signal for an Op-Amp circuit to amplify in the presence ofnoise. The intended 7 or
10 MHz signal is very weak, so the
Op-Amp filter tends to be more susceptible to the
higher-frequency noise on the IF port. For the three BPF Op-Amp filters designed, all
produce erroneous high-frequency signals at the output along with the intended 7 and 10
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Figure 5.33: Unwanted harmonics generated/amplified by Op-Amp Filters
The problem can be fixed by replacing the BPF
Op-Amp circuits with passive BPF
circuits and active gain stages using RF/IF amplifiers. RF amplifiers have a much larger
bandwidth (DC to GHz range) than differential-input operational amplifiers.
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The -800 MHz harmonic problem was attempted to be fixed by introducing
passive low pass filters before and after the Op-Amp circuits. This was because the cost
and deadline of the project was exceeded so a quick solution/fix was required. Since the
highest IF frequency desired is 10 MHz, the corner frequency (half-power) of the
designed low-pass filter was chosen as 30 MHz. As discussed before, the typical 7 dBm
LO leakage into the IF port is about -26 dBm (LO-IF isolation of 33 dB). This signal
needs to be attenuated as much as possible so the intended IF signal of 7 or 10 MHz
exceeds the 916 MHz signal (and other harmonics) by at least 10 dB. A fifth-order
low-
pass filter was desired, which would attenuate the 916 LO leakage by (5 orders)*(20
dB/decade)*(logio(9 16/30) decades)
= 148 dB. Avoiding a complicated transfer function,
an n-pole Butterworth network table was used in [9]. The tabular values for the
normalized LPF prototype, as well as the magnitude and frequency scaling are
demonstrated in table 5.6. The magnitude scalar was km = 50 to achieve performance in






Figure 5.34: 5th-order f3dB = 30 MHz LPF Design






+(LX+L2+ L,)s + RL




Ll Cl L2 C2 L3 RL
Normalized 1.545 H 1.694 F 1.382 H 0.8944 F 0.309 H 1 Q
Mag. & Freq.
Scaled
410nH 180pF 367 nH 95 pF 82 nH 50 Q
Implemented 390 nH 120| 56 pF 360 nH 56 39 pF 82 nH NA
Table 5.6: 30 MH;i LPF comeonents











The frequency and magnitude scaled components of figure 5.34 give the final gain:
OUT
Vn, 4.22xlO~4V +2.57xlO~3V + 7.84xlO~2V + 1.48xlO_1V +1.72xl0-8s + lIN
The capacitor values were achieved by having 2 capacitors in parallel. They were
oriented so that the entire filter was symmetrical about the transmission path (see layout).
The Oread Schematics simulation (found in figure 5.35) demonstrates that a 916 MHz











Figure 5.35: Oread Schematics Simulation of 30 MHz LPF
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The circuit layout was constructed in Ansoft Serenade Harmonica and S2A Layout
(figure 5.36). A few 50 Q transmission lines placed in the circuit allow for proper
placement of the components. The Harmonica circuit contained models of commercial
inductors and capacitors with S-parameter data, but the simulated components did not
match the actual components selected in hardware. The extra microstrip path delays and
component S-parameters make the Harmonica simulation of S21 (Gain) have local
maxima and minima beyond 400 MHz (figure 5.36). The hardware testing was done with
a port power of -10 dBm. When the signal is attenuated below -80 dBm (figure 5.38
above 150 MHz), the network analyzer finds the noise floor and again local maxima and
minima are present above 150 MHz. Three of these
5th
order 30 MHz passive low pass
filters were constructed and all had frequency responses similar to figure 5.38.















Figure 5.36b: Harmonica Simulation of 30 MHz LPF (S21 and SI 1)
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Figure 5.38: Measured Results of 30 MHz LPF
The desired IF signal at 7 or 10 MHz can now be isolated from all harmonics and
LO & RF leakage, as well as any resonating signals within the nonlinear op-amps (-800
MHz). The next step is to detect if a 7 MHz signal is sent or a 10 MHz signal. Using the
IF filter banks, there are two channels to analyze and signal-process to determine which
binary digit was sent. The simplest method is to detect which IF filter bank channel has
more power. In other words, the detection process will determine which IF channel is
stronger: the 10 MHz channel or the 7 MHz channel.
5.4. Probe's FSK Driver and Selector
The first thing required in a data transmission test is a way to generate an IF
modulated signal that consists of a 7 MHz and 10 MHz, -0.7 V DC offset sinusoid with
peak-to-peak amplitude of 14 V. This signal with be sent to the gate of the Probe's
HJFET. This type of IF modulation is frequency-shift keying.
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Figure 5.39: IF Modulated Data (FSK Modulation)
Since the IF sources are intended to be function generators (which cannot be simply
turned on and off to modulate the signal), a circuit has to be designed that will turn off
the IF signal's path to the Probe's HJFET Gate. The easiest way to turn off an electrical
path is using a transistor: a gate signal turns the drain-source path on and off. Since the
signals need to have a negative DC bias, JFETs are the best transistors to use for this
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Figure 5.40: FSK Driver Circuit
This circuit is essentially a double-throw switch that opens and closes the
electrical path between the function generators and the
HJFET'
s gate. The switching is
an asynchronous operation, and the IF signals are not phase-synchronized before the
switching is performed. Thus the frequency-shift keying IF signal is not continuous
phase. This is not a problem because the reader does not phase-lock to the resulting RF
AM sideband in the presence of large carrier clutter.
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Figure 5.41: FSK Driver Simulation
The output is isolated from the JFET drains by 47 Q resistors to help reduce the leakage
of that IF signal when that JFET is turned "off (a - 5 V signal). Likewise, there is
leakage from the source to the gate of the JFET when the JFET is
"on"
with a ~ 0 V
signal. This resistance also helps reduce negative voltage spikes ofVout when there is a
slow transition on the gate of the JFETs. Also, without the resistors RI and R4 the output
voltage would clip at about -0.6 V which does not completely turn off the NE3401 8
HJFET of the Probe.
The simulation of the JFET signals can be examined in figure 5.42. The
simulation shows the drain to be modulated because of the connection to Vout, and there
is no leakage from the source to the gate or drain when the gate voltage is low. In the
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Figure 5.42: JFET Simulation signals
The two 0 V and -5 V channels ofV3 and V4 in figure 5.40 need to be generated
from a single data source. The data source will have 0 and +5 V logic levels. If the
ground is physically connected to ground elsewhere on the probe or FSK driver, then one
cannot simply reverse the wires because the +5 V power supply will be shorted out
(which is the case with the provided 0 & 5 V data in this project). Thus the first thing
would be to make a 0 and -5 V data stream. This can be done by using a dual-supply op-
amp with 5 V supply voltages, and the data stream
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The output swing of the op-amp is Vn to Vp-1.5 V (-5 to 3.5 V), so a resistor and diode
will bring the voltage levels to 0.7 and -5 V. The 0.7 V level is close enough to 0 V so
the signal can be "cleaned
up"
with CMOS inverters with 0 & -5V rail voltages. The op-
amp LM358 slew rate is 486 mV/us. If the baud rate of the data is 19600 bps (bit period
of 51 us), then a -5 V to 3.5 V transition of the Op-Amp's output takes 17.5 lis (or 34 %
of the bit period). That is a lot of transition time so two inverters are after the op-amp to
reduce the transition and settling time. Since the input levels (0.7 and -5 V) of the
inverter will be slightly more range than the power supply (0 & -5 V), CMOS technology
should be used instead ofTTL so the duty rate of the signal is maintained as close to 50
% as possible.
Upon hardware testing of the FSK Selector, it was found that the Op-Amp's
output produces much high-frequency oscillation during a transition around 0 V. This
caused the inverterU2A to trigger many transitions before settling on the static output.
These false transitions are very detrimental to maintaining the data, so a 470 pF capacitor
was added in parallel to the diode to reduce the size of the ~ 0 V high-frequency noise.
This fixed the problem and the capacitance was small enough to not reduce the slew rate
more than the Op-Amp's slew rate. The performance of the FSK Selector (figure 5.44)
shows that there are no false transitions on the U2B output (second inverter's output).
A closer look at the inverter output transitions shows a single transition with a
settling time less than 50 ns (figure 5.45), whereas a period of 10 MHz is 100 ns. Since
the FSK Driver does not synchronize the frequency generator signals with the data
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Figure 5.44: FSK Selector Hardware Test
Figure 5.45: FSK Selector Transitions
The next hardware test was to add the FSK Driver to the FSK Selector.
Originally the JFETs used were J310s, but after some use one of the J310s started
malfunctioning so the J310s were
replaced with NE34018 HJFETs. The output of the
FSK Driver was connected to the Probe's NE3401 8 Gate so the FSK Driver would be
properly loaded. The U2C output
(third inverter's output of figure 5.43) was connected
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to J2's gate of figure 6.2, and U2B's output was connected to Jl 's gate. The views of the
gate transitions hold the most information. In figure 5.46 the U2C low (- 5 V) means J2
is turned off, so the 10 MHz function generator drives the output of the FSK Driver.
Figure 5.46: 10 to 7 MHz IF Transition
r JT/.fjn; m-JW Stop * 1 2.5PV
)jBaseC2>: -l-g7V 1 AvgC2>: -653.6mV
Figure 5.47: 7 to 10 MHz IF Transition
When the U2C output becomes ~ 0 V, the HJEFT J2 turns on and then an electrical path
is opened from the 7 MHz function generator to the FSK Driver's output (connected to
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the Probe'sNE34018 gate). Figure 5.46 shows a very quick transition from 10 to 7 MHz,
and figure 5.47 shows the FSK Driver output transition from 7 to 10 MHz.
5.5. Data Reconstruction
A typical circuit used in AM message reconstruction is a simple envelope
detector, consisting of a diode, capacitor, and resistor. Unfortunately, the signal strength
to detect is very small (anywhere from -70 dBm to -30 dBm) and special case has to be
taken to find a microwave diode that has very little forward voltage drop. This can get
complicated quickly so in most cases the signal would have to be amplified into a larger
signal in order to rectify it.
The whole process of envelope detection using diode rectification and RC
time-
constants can be avoided by using a logarithmic detector. A logarithmic
detector/amplifier (denoted Log Amp) is far superior to any diode/RC envelope detector
because the output voltage has a linear relationship to the logarithmic power of the
incident signal. So when a signal differs by 10 dB, the output voltage differs by 1 V.
Log Amps are very useful when the incident voltage amplitude is below 100 mV
(which is less than a typical forward-voltage drop of a diode). As a comparison, -30 dBm
ma 50 Q load has and amplitude of
V2x50xl0(~3-30)/1
= 10 mV. The choice ofLog
Amp for this IF detection is Analog Device's AD8307. When the input is matched to 50
Q, the dynamic range is from -88 dBm to + 3 dBm. The output voltage is scaled at 25








Figure 5.48: Log-Amps Explained (by Eamon Nash)
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Figure 5.49: Input-Output relationship for various frequencies
The simple schematic that can be found in the datasheet for an evaluation board was used
for this application. Something of concern was the input-matching network to the
differential input. The wideband impedance model of the differential inputs (INP to FNM
of figure 5.50) is a 1.1 kQ resistance. A simple single-ended wideband matching
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network (as seen in figure 5.50) can be achieved by using 0.1 uF capacitors and a 52.3 Q
shunt resistor. The capacitors have negligible impedance around 7 MHz (-j0.227 Q), so
the impedance looking into the Log Amp from the input is52.3||1100
= 49.9Q50Q.
In constructing the AD8307 board, Cl
= C2 (Cc) were 1 nF so the input high-pass corner
frequency was determined to be f3dB = 2/(27t.RtnCc)
= 1/(71* 1 100* 1E-9)
= 290 kHz.
Two AD8307 Log Amp boards were constructed on 60 mil RT/Duroid. The
testing equipment was a network analyzer set on a power sweep mode at 10 MHz, from
-
28 dBm to +3 dBm (3 1 dB). The measured input impedance in this power range was
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Figure 5.50: AD8307 Evaluation Board Schematic with matching network
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Figure 5.51 : AD8307 power-sweep test results
The plateau at the end of the sweep is due to the network analyzer not changing the port
power during that instance of time. The 31 dB sweep generating an 820 mV voltage
swing means the slope is about 26.4 mV/dB.
On the topic ofLog Amps, another Analog
Devices'
Log Amp was used in the
testing and debugging of this project, as well as the detector of the CPCA MBM system.
A higher-frequency AD8313 Log Amp was used that could detect 916 MHz power
levels. The AD83 13 frequency range is 100 MHz to 2.5 GHz, and the dynamic range is
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Figure 5.52: AD8313 Logarithmic Response and Error vs. Input Amplitude
Like the AD8307 layout, Oread Layout and Ansoft S2A Layout was combined to create
the complete layout. The datasheet claims the measured differential impedance at 900
MHz is 55-J135 Q. This can be modeled as a 55 Q resistor in series with a 1.31 pF
capacitor. The evaluation board uses a wideband single-ended to differential matching
network. It was decided to use the same network for future applications (wideband use).




+ (55 -./135)|| 53.6 =43.2-jl34Q =>|r|
= 0.16
This would typically be avoided with a better choice of resistor and capacitors, but the
overall result will not matter because the input power is reduced by a few dB and the
overall dynamic range of detection is still 65 dB. The measured impedance was found to
































Figure 5.53: AD8313 Evaluation Board Schematic
ill '"
Figure 5.54: AD8313 board and S2A Layout
The AD8313 board was milled on a 25 mil thick board with dielectric constant 10.5
(RT/Duroid 6010, RPN A0250M101 JGR). A 20 kQ potentiometer (R8 of figure 5.53)
was added to get more slope ofLog(Power) vs. Vout. As seen in figure 5.55, with a -17
dBm to -48 dBm port power test (3 1 dB total), the output dynamic range is 1.14V
(equivalent to 36.7 mV/dB). This AD83 1 3 can be used for quick tests of carrier power,
but it can also be used for the simple CPCA MBM setup.
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Figure 5.55: Power Sweep Test ofAD8313 (with Maximum Slope Potentiometer)
The last additional testing circuitry to develop was a way for the 10 and 7 MHz IF
power levels (in DC voltage output of the AD8307) to be converted into a reconstructed
data stream. The simple and cheap LM358 Op-Amp was used again as a comparator, and
an inverter was used to clean up the Op-Amp output with better logic transitions. This
time a TTL inverter was used because the Op-Amp's power supply was 0 and 5 V, which


















Figure 5.56: Recovered Data Circuit
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5.6. Single-IF MBM Reader
A second solution that was adopted to solve the problem with the active filters
was to not use the active band pass filters and replace them with passive band pass filters.
Under the constraints of time and money, only one passive band pass filter was
developed. The two-IF MBM system is flawed because the presence of a 10 or 7 MHz
signal would create unwanted power in the pass band of the 7 and 10 MHz BPFs, so a
single IF MBM concept was used.
The tests of the received output from the receiver antenna and mixer output shows
a 7 or 10 MHz IF was acceptable. The power of a 7 and 10 MHz signal was least
attenuated and was isolated from the DC output of the mixer. A compromise of IF
passband center of 8.5 MHz was chosen because it would have better DC isolation than a
7 MHz sideband and have the same attenuation as the 7 or 10 MHz sidebands. If a higher
IF was chosen, then component tolerances and propagation through a physical layout of a
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Figure 5.57: Passive BPF Specifications
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The specifications of the passive band pass IF filter (illustrated in figure 5.57) are
subject to a
3rd
order filter design. The 8.5 MHz centered half-power bandwidth was to
end at 1 1 MHz and have a decent amount of attenuation at the second harmonic of the
intended IF (2*8.5 = 17 MHz). The corresponding logarithmically spaced frequencies for
the pass and stop band below 8.5 MHz is 6.57 (289/44) MHz and 4.25 (17/4) MHz
respectively. Since a
3rd
order filter was desired, the determined minimum attenuation in












h = 3 ocmin = 27.5228 dB (5.28)
21og(Qs IQP)
The bandwidth-to-frequency ratio for this design is bw
= (1 1-289/44V8.5 = 0.52139, and






The normalized low pass prototype design for a third-order filter is seen in the left of
figure 5.58, and the conversion to a band pass filter design is the circuit to the right. To
convert a prototype low pass element into band pass elements, an inductor Lp is replaced
by an inductor Lp/bw in series with a capacitor bw/Qo Lp. Likewise a low pass prototype
capacitor Cp is replaced by the parallel bandpass combination of a capacitor Cp/bw and
inductor bw/Qo2Cp. The frequency scaling factor kf is 27i8.5E6 and the magnitude

























Figure 5.58: Passive Low Pass Prototype to Band Pass Component Circuits







When converted from low-pass to band-pass, the transfer function becomes complicated:









+ C3RLs + 1
(5.31)
where V = {Ci[Li(C3(L3+L2)+C2L2)+C3L3L2]+C3C2L3L2}, O = {Ci(L1+L2)+C2L2}, and
0 = {Ci(L1+L2)+C3(L3+L2)+C2L2}
This complex transfer function would take a lot of time to solve for the particular values
of each component, so the same Butterworth Passive Network Table of [9] was used to
determine the component values. The following table shows low-pass prototype to band
pass filter and scaling conversions.
Ll Cl C2 L2 L3 C3 RL
LPF
Prototype
1.5 H 1.333 F 0.5 H 1Q
BPF
Conversion
2.877 H 0.347 F 2.557 F 0.390 H 0.959 H 1.041 F 1Q
km&kf
Scaled
2.69 uH 130.0 pF 0.958 nF 365.5 nH 0.898 uH 389.9 pF 50 Q
Component
Values





Table 5.7: ]3assive BP 7 Component Values




VIN 3.8xlO"4V + 2.1xl0"3V + 4xl0"3V + 14xl0-2V +1.2xlO-'V +2xl0"85 + l
The L2 and L3 magnitude and frequency scaled values were not available in the
necessary time, so some available inductor combinations were used to obtain L2 and L3.
The inductor L2 consisted of an 100 nH and two 120 nH inductors in series to form 340
nH (close to 365.5 nH). The inductor L3 was obtained by having a 2.7 uH, 1 .6 uH, and
8.2 uH inductors in parallel to form an 895 nH inductance (close to 898 nH). All
component values have 5 % tolerance. The BPF of figure 5.58 was simulated in Oread
Schematics with aMonte Carlo analysis on the tolerance of the component values. The
pass band seems to be shifted higher in frequency by about 340 kHz (half-power
frequency of 6.57 MHz is actually 6.91 MHz).
U0B(RL1:2)
Frequency













Figure 5.60: Ansoft Harmonica Simulation ofPassive BPF and Layout
The Ansoft Harmonica simulation was first simulated with commercial physical inductor
and capacitor components with specific layout sizes. This layout (figure 5.61) was
simulated and the corresponding S21 plot is available in figure 5.60. There are local
maxima and minima above 40 MHz because the simulation takes into account the size
and S parameters of each component. The actual components used in hardware were
Panasonic inductors and capacitors. These components were not available in the device
library ofHarmonica. Thus the figure 5.60 simulation shows what could happen in
hardware if the designer did not take the component S parameters into account in
simulation. When the components of the simulation were replaced with ideal inductor
and capacitor values, the frequency response of S21 behaved as an ideal band pass filter
centered at 9 MHz (figure 5.60).
116
Out
Figure 5.61: Passive BPF Layout and Picture
The passive band pass filter was tested using the HP8753D vector network
analyzer. The frequency response for linear and logarithmic scales of 1 to 20 MHz and 1
to 1 GHz respectively are available in figure 5.62. The pass band is again shifted higher
in frequency. The center of the pass band is about 10 MHz, which is still acceptable
because there is negligible difference of attenuation between 7 and 10 MHz in the
received/mixed signal versus distance tests. Similar to the Harmonica non-ideal
component simulation, there appears to be a maximum around 800 MHz which can be
due to the parasitic inductance and capacitance of the real components used in figure
5.61. The attenuation at 916 MHz may still be enough to isolate the 10 MHz sideband
from the mixer, since the claimed bandwidth of the AD8307 is around 500 MHz.
Frequency [MHz] Frequency [MHz]
Figure 5.62: Measured Frequency Response ofPassive BPF
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6. SYSTEMPERFORMANCE
The hardware designs and tests discussed in the previous chapter illustrated that
they worked correctly as independent components in the MBM system. Now the boards
have to be collectively tested and a complete communication scheme has to be proven.
The CPCA, Switching-IF, and Single-IF MBM systems are tested herein for a valid
communication link.
6.1. CPCA MBM System Test
The original idea ofCarrier-Present-Carrier-Absent was proven to be flawed in
chapter 5. However it is interesting to see howmuch range a CPCA communication link
would have using the same equipment as the FSK-AM systems designed. The test was




Figure 6.1 : CPCA MBM Test Setups
The single and dual reader antenna CPCA tests performed about the same. For
each test, when the probe was extended further in distance from the reader antennas the
square wave imposed on the AD8313 output flat-lined beyond 1.5 meters. Thus the
detectable range for this limited design is a little over 1 meter. This is not a practical
distance to justify a wireless communication scheme because one could argue that the
118
probe is in the near-field radiation of the Reader antennas. Also the detect-ability of a
square wave less than 40 mV is a major problem when there are noise sources.
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Figure 6.2: Tests ofCPCA MBM, Single and Dual Reader Antennas
6.2. Sideband Detection Testing
The performance of a single-IF and switching-IF MBM design are dependent on
the characteristics of the received sideband signals that are collected at the reader's
receiving antenna. As illustrated in figure 6.3, the noise floor of the received signal in an
indoor environment is about -80 dBm. The received carrier wave is not a perfect impulse
at 916 MHz. Rather it has a collection of frequencies around 916 MHz because of the
imperfect transmitted signal carrier, the phase addition due to multipath propagations,
and filtering characteristics of antennas, transmission lines, and other components. The
received carrier clutter may have a peak powermuch greater than the power of the AM
sidebands, so an AM sideband could get masked by the high-powered clutter is the IF
frequency is too low. In figure 6.3 the 10 MHz IF sideband has power
of- 55 dBm, and
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the corresponding bandwidth of the clutter at -55 dBm is about 5.6 MHz (one grid block
is 2.8 MHz). Thus the IF frequency would have to be at least 2.8 MHz or more in order
to avoid having the AM sideband being masked by the clutter.
Thai 12:46:19 Aug 6. 21302
Ref -15
Start 902 MHz Stop 930 MHz
Res BW 1 MHz VBW 1 MHz "Sweep 100 ms
Figure 6.3: Reader Received Signal, d =
9'
A MATLAB script was generated to utilize measured transmission and reflection
coefficients, mixer conversions, and general calculations of the model of the system. The
script is described in the appendix (9.2). Using the measured experimental results from
chapter 3 and 4, one can predict the received power levels at the receiving reader antenna.
The scriptMBM_CSPT.m uses Frii's equation (eq. 2.1), measured |Sn| of the CN and
CW antennas, |Sn| of the various filters, and general power conversions and losses for the
mixer, directional coupler, and other components. An illustration of the gain and loss
parameters is in a system-block diagram below. The calculated results are provided in

































Gain Loss Loss Loss
Antenna Reflection Mixed Dynamic
Pattern coefficient of Signal Reflection
CW Antenna CW Antenna Sidebands Coefficient
Figure 6.4: Model ofPower Losses
The script calculated an estimate of the power level of the AM sidebands versus
distance and IF-frequency offset. The test distances were 6, 9, 12, 15, and 18 feet, and
the test RF frequencies (in MHz) were 916, 915 and 917 (1 MHz IF), 913 and 919 (3
MHz IF), 91 1 and 921 (5 MHz IF), 909 and 923 (7 MHz IF), 906 and 926 (10 MHz IF),
and 904 and 928 (12 MHz IF). Comments of the equations and calculations are reserved
for the appendix (9.2).
Distance 1 MHz Power [dBm] 3 MHz Power [dBm] 5 MHz Power [dBm]
Estimate Measured Estimate Measured Estimate Measured
6'
- 42.68 - 42.66 -44.6 - 42.65 -44.2
9'
- 49.73 ~ -49.71 -55 - 49.69 -56.6
12'
- 54.72 -54.71 55.7 - 54.69 -56.4
15'
- 58.60 -58.58 -58.71 -58.57 60.09
18'
-61.77 -61.75 -59.5 61.73 - 62.74
7 MHz Power [dBm] 10 MHz Power [dBm] 12 MHz Power [dBm]
Estimate Measured Estimate Measured Estimate Measured
6'
- 42.63 -44.6 -42.61 -44.4 - 42.60 ~
9'
- 49.68 -56.5 - 49.66 -54.9 - 49.65
12'
- 54.68 -56.5 - 54.65 -56.9 - 54.64
15'
-58.55 -60 58.53 59.97 -58.52
18'
-61.72
- 62.98 -61.70 - 64.71 -61.69
Table 6.1: Reader FLeceived Sideband Power ^evels
The measured values of table 6.1 were taken from saved distance versus IF
frequency spectrum analyzer sweeps (9.3 of appendix). Measurements of the 12 MHz IF
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were not taken, but one can assume the sideband power levels for a 12 MHz IF sideband
would be similar to the 10 MHz IF sidebands. The 1 MHz IF sidebands suffer from the
problem ofbeing masked by the higher-powered clutter return. This can be better
understood by examining figure 6.5.
Thai 12:43:29 Hug 6, 2002
Ref -18 dBi
Start 910 MHz
Res BW 1 MHz UBH 1 MHz
Figure 6.5: Clutter overcomes AM Sideband (1 MHz IF, d
=
6')
The first harmonic is not even distinguishable from the 916 MHz wideband
clutter, however the fourth harmonic of 912 and 920 MHz are very faint and would not
be easily detected either. This clutter problem is also presented when the IF frequency is
3 MHz. The first harmonic is distinguishable from the clutter, but the power gain of a
913 MHz sideband is only a few decibels over the clutter at 913 MHz (figure 6.6). As the
IF frequency increases, the separation from the wideband 916 MHz clutter increases
without a loss in sideband power. The tests were continued and the summary of
measured AM sideband power levels is in table 6. 1 . The estimated power levels
generated from the MATLAB script are very close to the measured power levels. Since
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the measured RF signal from the reader's receiving antenna matches the estimates in
table 6.1, there is not a lot of deconstructive interference due to multi-path propagations.
The small error in the estimates can also be attributed to any of the other concerns with
indoor testing: unintended coupling with the environment, reader antenna coupling,
un-
modeled transmission line impedance mismatches, etc.






Res BH 1 MHz VBH 1 MHz
Stop 930 MHz
Sweep 100 ms
Vipl 12:46:14 fiug 6, 2882
Cotrl 910.999 MHz
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HI MHz UBW 1 M z
Stop 930 MHz
Sweep 100 ms
Figure 6.6: 3 MHz and 5 MHz IF AM Sidebands (d = 6')
The next step was to take measurements of the IF down-converted signals (output
ofmixer) for the same IF frequencies and distances as in table 6.1. The quick estimate of
received IF power was to subtract the estimated AM sideband power with the accepted
conversion gain of the mixer for this particular RF and LO frequency band. The
comparison ofmeasured and estimated values of table 6.2 show that the model of the
system from transmitted power to recovered IF (figure 6.4) is well within tolerance. One
interesting thing to note in table 6.2 is that the estimates do not match the measured data
well when the distance is 9 feet to 15 feet, but 6 feet and 18 feet have very close matches.
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This error could be caused by fading. The 916 MHz LO could be not in-sync with the
carrier of the propagating AM signal from the Probe (discussed in chapter 5).
Distance 1 MHz Power [dBm] 3 MHz Power [dBm] 5 MHz Power [dBm]
Estimate Measured Estimate Measured Estimate Measured
6'
- 48.20 -48.75 - 48.22 - 49.35 - 48.24 -48.5
9'
-55.25 -61.8 55.27 74.9 - 55.29 73.5
12'




-64.14 79.6 -64.16 -80
18'
- 67.29 ~ -67.31 - 67.58 - 67.33 - 67.52
7 MHz Power [dBm] 10 MHz Power [dBml 12 MHz Power [dBm]
Estimate Measured Estimate Measured Estimate Measured
6'
- 48.26 -47.8 -48.3 -48.2 -48.32 ~
9'
-55.31 73 -55.34 -69.6 55.37
12'
-60.31 64 - 60.34 -64.8 - 60.36 67.07
15'
-64.18
- 79.75 - 64.22 -84.8 64.24 76.6
18'
-67.35
- 67.07 -67.38 -67.13 -67.41 -68.1
Table 6.2: Intermediate Frequency Power Levels
Scattered Signal from Prob








Figure 6.7: Equal Sideband Attenuation and Free-Space Loss
910
Sideband Frequency (MHz]
Figure 6.7 illustrates the nature of the free-space loss (estimate). It also shows
that the upper and lower AM sideband of the system have relatively equal attenuation.
The spike at 916 MHz is the carrier clutter. Thus this system is double-sideband, but not




The switching-IF communication system involving intermediate-frequency
modulation can be tested. This system should have the greatest range for the same
transmitted power. Unfortunately it is the most complex out of the systems discussed in




























































Figure 6.8: Switching-IF MBM System
It is important to examine the received signal at each of the stages in the
receiver/reader. For all tests of the system signals the distance was fixed at 6 feet with
transmitter power of 15.5 dBm (35.5 mW) in an indoor environment. The signal from the
second reader antenna (reader receive antenna) was examined first. The data input of the
FSK Selector was fixed to 0 V and then to 5 V to get both a 7 MHz and 10 MHz IF test.
Figure 6.9 shows both scenarios of IF frequencymixing. The 7 MHz IF mixed sidebands
appear to be -24.3 dB from the received carrier signal, whereas the 10 MHz IF sidebands
are -25.5 dB from the received carrier signal. In wired tests of chapter 5, the returned
AM sideband was about 2.45 dB lower than the returned carrier. This difference is due to
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the fact that in an indoor test, much of the transmitted carrier power is collected by the
other reader antenna because of reflections in the room.
fhpl 11:55:53 flug 3, 2002
Mkr3 923.07 MHz




































Res BH 1 MHz UBH 1 MHz
Stop 930 MHz
Sweep 100 ms
Figure 6.9: Switching-IF Reader Receiver Antenna Spectrum Test
The received power levels in figure 6.9 are taken as the norm for comparison of
the rest of the
6'
distance tests. The SYM-860 mixer datasheet states the conversion loss
for a 904 MHz RF signal and a 934 MHz LO is about 5.5 dB. Since the measured RF
sideband power is about -46 dBm in figure 6.9, the 7 and 10 MHz IF mixed sidebands
(906, 909, 923 and 926 MHz) should convert to an intended IF power level of about
-
51.5 dBm. The measured signals on the IF output of the mixer are seen in figures 6.10
and 6.11. The figures show the 7 and 1 0 MHz power levels to be -50. 1 and -51.3 dBm
respectively. The LO isolation calculates to be about 36.8 dB if the LO level is 5.5 dBm
(15.5 dBm- 10 dB).
126
Figure 6.10: 10 MHz IF Recovery (Output ofmixer)
Figure 6.1 1 : 7 MHz IF Recovery (Output ofMixer)
The next step was to add an f3dB
= 30MHz fifth-order low-pass filter. The




180 dBm, however the noise floor from the spectrum analyzer's perspective appears to be
about -80 dBm. Thus the expected output of the LPF with a 10 MHz IF is identical to
figure 6.14 but with the 916 MHz signal hidden in the noise floor. Figure 6.12 shows the
916 MHz signal attenuated down to -72.7 dBm. This signal will always be above the
noise floor because the stray radiation in the room
can be collected within the
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components and microstrips in the circuits of the reader. Regardless, the 916 MHz signal





*Res BW 1 MHz
Stop 938 MHz
VBH 1 MHz Sweep 100 ms
Figure 6.12: 30 MHz LPF1 Output
The Line Driver circuit was added next and output spectrums were collected for
both a 7 and 10 MHz IF.
Figure 6.13: 10 MHz Line Driver Output
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Figure 6.14: 7 MHz Line Driver Output
The intended 7 and 10 MHz signals are amplified by about 7.5 dB, however the noise
floor has been raised by 7.5 dB also. This amplification of the noise floor is very
detrimental to the performance of theMBM system. The large harmonics of -790 MHz
and collected 916 MHz signals are also detrimental to the detect-ability of the intended IF
power. There is not enough RF shielding and the internally generated harmonics of the
Op-Amp render the choice and design of this line driver to be inefficient and harmful to
the communication link. Since time was not available to find a replacement, the line
driver was still used in this system since it does amplify the intended IF frequencies.
The active 7 and 10 MHz band-pass filters were added to the Line Driver outputs,
and many more harmonics
were generated and amplified. The intended IF signal of 7 or
10 MHz still is dwarfed by a -790 MHz harmonic by more than 10 dB in each case.
Again, having a fifth-order LPF centered at 30 MHz
after the BPF outputs can filter out
these unwanted harmonics. The most important thing to examine is the difference
between the cases of the IF frequencies. For the 10 MHz signal upon the 7 MHz BPF
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case (figure 6.15), the strongest signal below 30 MHz is about -AA dBm, and it happens
to be both the 7 and 10 MHz frequencies. When the 7 MHz signal is presented to the 7
MHz BPF, the output shows the strongest signal below 30 MHz is the intended 7MHz
frequency with -32.3 dBm power. The difference ofpower between "7 MHz
present"
and "7 MHz not
present"
is 1 1.7 dB, which can be detected using an AD8307 Log Amp.
\hat 13:04:21 Aug 3. 2902
Stop 930 MHz Start 1 MHz
Sweep 100 ms I Res BH 1 MHz






Figure 6.15: 10 MHz Signal, 7 MHz BPF Output






Res BH 1 MHz UBH 1 MHz
Stop 40 MHz Start 1 MHz
Sweep 100 ms 'Res BH 1 MHz VBH 1 MHz
Stop 930 MHz
Sweep 100 ms
Figure 6.16: 7 MHz Signal, 7 MHz BPF Output
The 10 MHz BPF has similar performance with harmonics, intended IF frequency (10
MHz) and opposing IF frequency (7 MHz). Like the 7 MHz BPF, the 10 MHz BPF has 7
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and 10 MHz frequencies of-43 dBm power when a 7 MHz frequency is sent. When a 10
MHz signal is presented to the 1 0 MHz BPF, the power is -3 1 . 1 8 dBm. The "1 0 MHz
present"
and "10 MHz not
present"
situations have a power difference of 1 1 .82 dB (the
same as the 7 MHz BPF). The band pass gain from the line driver output is about 10.2
and 1 1 .8 dB for the active 7 and 10MHz BPFs respectively.






















Res BH 1 MHz VBH 1 MHz Sweep
'
Cntr3 9.983 MHz




























H 1 MHz VBH 1 ML z
Stop 40 MHz
Sweep 100 ms
Figure 6.17: 7 MHz Signal, 10 MHz BPF Output
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Figure 6.18: 10 MHz Signal, 10 MHz Output
Now that the IF BPFs are proven to be balanced between each other (similar
power relationships), the important task of eliminating the high-powered harmonics
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needs to be examined. The other two 30 MHz LPFs were attached to the IF BPF outputs
and the spectrum analyzer was used to take measurements.
[Afll 13:44:44 Aug 3, 2002 lifts] 13:59:21 Aug 3. 2002

























































Res BH 1 MHz VBH 1 MHz
Stop 930 MHz
Sweep 100 ms
Figure 6.19: 10 and 7 MHz Channel Spectrums, LPF Outputs
This shows that all the harmonics have been properly suppressed. The largest signal
present is the intended 7 and 10 MHz IF signals. These two channels can now be fed into
an AD8307 logarithmic detector to determine the power in real-time. A closer look of
the behavior after the LPFs is needed.
rhpl 13:49:57 Aug 3, 2002
Ref -30 dBm
Stop 40 MHz Start 1 MHz
Sweep 100 ms 'Res BW 1 MHz VBH 1 MHz
Stop 40 MHz
Sweep 100 ms
Figure 6.20: 10 MHz Channel LPF Output, with 10 and 7 MHz Signals
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Ihpt 13:55:04 flu:
Figure 6.21: 7 MHz Channel LPF Output, with 7 and 10 MHz Signals
The 7 MHz channel has power levels of-33.58 dBm (7 MHz present) and -44 dBm (7
MHz not present). The 10 MHz channel has power levels of -33 dBm (10 MHz present)
and -A3 dBm (10 MHz not present). These 10 dB differences should be translated to a
250 mV square wave if the AD8307 has a typical 25 mV/dB logarithmic slope. Using
figure 5.37, the predicted voltage levels for -33 and -43 dBm is 1.25 and 1.0 V.
Figure 6.22: Switching-IF AD8307 Output Voltages
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The data signal of the FSK Selector was changed from static (0 and 5 V tests) to dynamic
testing by having a 5 kHz 50 % duty-cycle 0 & 5 V clock as the data input. Useful
measurements of the 7 MHz channel AD8307 output (Ch2) are 1.2947 V and 1.0416 V
top and base voltages (253 mV ripple), with a 47 % positive duty cycle. The 10 MHz
channel AD8307 output (Chi) has 1.2935 V and 0.9849 V top and base voltages (309
mV ripple) with a 53 % duty cycle. Examining figure 6.22, there is a lot ofnoise
imposed on the channel output voltages. For the sake of taking measurements,














PutyC23: 47.0a ToC 1 3 : 1 .2969V g DutyC 1 ) 53.0X
Figure 6.23: AD8307 Output Voltages (averaging of 4 samples, d
=
6')
The voltage signals can now be represented as power levels of the 7 and 10 MHz
frequencies, corresponding to each bit sent. A test of the AD8307 output voltages versus
distance was performed. Some characteristics are included in table 6.3. The voltage
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signals became very noisy at 12 feet or more, no more measurements were recorded. In














1.2935 0.9849 52.8 1.2947 1.0416 47
9'
1.108 0.7399 NA 1.1235 0.907 47.9
12'
0.895 0.8647 NA 0.8366 0.8085 NA

















7 MHz Ch. 253 1129 205 953 28 L_ 828
lOMHzCh. 309 1054 368 878 30 753
Table 6.4: Switching-IF AD8307 Output Comparison




Figure 6.25: AD8307 Output Voltages (no averaging, d
=
12')
The above figures show that the system is very corrupt with high-frequency noise,
any it would appear the range is limited to 9 feet. When the AD8307 output voltages are
sent to the inverting and non-inverting inputs of the data-recovery circuit in figure 6.9 at a
distance of 12 feet, the circuit output does not look like the original 5 kHz data signal.
There are a lot ofunwanted transitions.
There are a few main reasons why the performance of the active-filter
switching-
IF MBM system is lacking. First, the choice ofOp-Amp bandwidth is 200MHz instead
of greater than the carrier frequency of 916 MHz. Thus any low-powered IF signal will
have amplified harmonics of internal-resonating circuitry of the op-amp. Second, the IF
signals from the mixer are not perfect sinusoids (impulse in freq. domain), and they have
a somewhat large bandwidth of -5.5 MHz at the noise floor (figure 6.10 and 6.1 1). Thus
a lst-order active filter with passband gain will amplify some of the other IF frequency
signal, and then local maxima and
minima in the frequency domain will be created
(figures 6.15 and 6.17). Thus the relative "noise
floor"
of that channel is amplified. This
is also referred to as cross-channel interference. Third, the entire reader receiver consists
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ofnine PCBs (mixer, 3 LPFs, Line Driver, 2 BPFs, 2 Log-Detectors). This many
prototype boards can create noise and coupling problems. The system could be improved
by having all components on a single PCB to reduce transmission-line loss and noise.
The Reader "black
box"
that housed the demodulating PCBs for the switching-IF MBM
system is shown in figure 6.27. The box has many stray power wires and many alligator
clips. These wires that are directly over a microwave PCB introduce noise to the RF
signal.
The switching-IF system may look like it does not work well at distances beyond
9 feet. However all the above measurements were taken a couple days after the same




Nothing was changed on the reader, so it is confusing why the system does not work as
good as before. The active switching-IF Reader is a combination ofmany prototype
boards and loose wire-breadboards. A sudden movement or strain on the connecting
wires could have made a few connections electrically loose but not visibly loose (see
figure 6.27). Regardless, a view of the communication link quality can be seen in the
following measurements collected days before it was "broken".
The active-gain switching-IF MBM system does achieve better range than the
simple CPCA design MBM system. The increase in range is about 3 V2 times more (12
feet versus 3.27 feet). Another point to consider is the
carrier-frequency imposed signal
in the active filters of the reader. These strong disturbances can be avoided if the project















Figure 6.26: Transmitted and Recovered
"h"









Figure 6.27: Probe Cart and Switching-IF Reader "Black
Box"
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Figure 6.28: Single-IF MBM System
The single-IF MBM system seen above was setup and tested with the same
transmission power, distances, and probe as the switching-IF reader design. The
following spectrum analyzer plots were obtained with the probe cart at a distance of 6
feet. The output of the SYM-860 mixer (figure 6.29) shows the 916 MHz signal to have
-29.7 dBm ofpower, whereas the intended IF frequency of 10 MHz has power of-49.6
dBm. This LO leakage can be attenuated with the passive band-pass filter designed in
chapter 5. The passive filter was inserted into the system, and the figure 6.30 frequency
responses show the 916 MHz signal to be attenuated to -59 dBm (about 30 dB
attenuation). On the other end of the spectrum, there is quite a bit of a 610 kHz signal
that gets passed through the passive filter. Unfortunately the AD8307 LogAmp input's
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high-pass corner frequency was selected to be 290 kHz, so this 610 kHz will not be
further attenuated. Thus the "noise
floor"
of the single-IF system will be about -62 dBm.
Thpl 20:01:05 Aug 9, 2082
Ref -20 dBm
Start 10 kHz Stop 930 MHz
Res BW 1 MHz WBW 1 MHz "Sweep 100 ms
Figure 6.29: 10 MHz IF test signal at 6 feet (Output of SYM-860)
The 916 MHz signal was attempted to be further attenuated by attaching one of the
5l
-
order 30 MHz low-pass filters after the passive band-pass filter. However the 916 MHz
signal was only attenuated by 5 dB (measured at -65 dBm instead of -59.3 dBm of figure
6.30). The LPF filter was taken out because it also attenuated the 10 MHz IF by a few
dBm because the impedance of the passive BPF is not a perfect 50 Q at 10 MHz.
The final single-IF reader setup was the same setup of figure 6.28. When there
was no IF frequency sideband present, the spectrum of interest (figure 6.30) was the same
except there was no 10 MHz harmonics present. The noise floor from 4.4 MHz to 916
MHz was -80 dBm, but there was the same 610 kHz presence of-62 dBm and the 916
MHz LO leakage was maintained (-60 dBm). Thus the low-level power of the single-IF
setup was about -62 dBm, which corresponds to
about 0.6 V on the AD8307 output.
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Res BH 1 MHz VBH 1 MHz
Stop 22 MHz
Sweep 100 ms
Figure 6.30: Output ofPassive BPF
The same clock signal that was used for the switching-IF dynamic test was used
as the data at the probe. The six-foot distance measurement of the AD8307 output
voltage (figure 6.31) shows a much better response than the active-filter design of the
switching-IF system. There was no averaging used for the single-IF oscilloscope
measurements, whereas the active-filter design of the switching-IF design was very noisy
and needed averaging turned on to identify the dc-converted power levels.
Figure 6.31: Single-IF AD8307 Output (d
=
6', 10 MHz IF)
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The distance was adjusted according to table 6.5 and the oscilloscope screen-images were
recorded (see appendix, 9.3).
Distance (feet) Top(V) Base (V) Duty Cycle (%) Figure
6 1.200 0.55 47.3 6.31 (Above)
8 0.955 0.565 47 9.5a
9 0.831 0.531 46 9.5b
12 0.874 0.565 47 9.5c
14 0.693 0.53 46 9.5d
15 0.672 0.531 46 9.5e
18 0.640 0.544 NA 9.5f
20 0.76 0.56 47 9.5g
Table 6.5: Single-IF AD8307 Measurements
From the same MATLAB scriptMBM_CSPT.m, the single-IF system performance was
estimated. A comparison of the measured and estimated single-IF AD8307 output
voltages (table 6.6) appear to be much closer than the flawed measurements and estimates
of the switching-IF system (table 6.4). This is because the noise is not amplified in this
system, as well as there is no cross-channel interference from two wideband IF signals.
Instead of a lst-order band-pass filter to isolate frequencies 0.155 decades apart
(logio(10/7)), the single-IF system has a 3rd-order band-pass filter to isolate a 10 MHz
signal from 610 kHz and 916 MHz (1.215 and 1.962 decade separation, respectively).
Thus the actual power levels detected by the logarithmic detector will be larger in
difference (larger peak-to-peak voltage for a clock signal) for the single-IF MBM system
than the active-filter switching-IF MBM system.
Since there was no cross-channel interference, the comparator's voltage tap could
be easily tuned to be the
mid-point voltage of the AD8307 output voltage rails. The




Channel 2 is the single-IF system's AD8307 output voltage, and the reconstructed data is
seen on channel 1 .
Distance
6' 8' 9' 12' 14' 15' 18' 20'
mVpp
Measured
650 390 300 309 163 141 96 200
mVpp
Estimate
564 488 363 -- 266 187
Table 6.6: Single-IF Power Level Comparisons
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Figure 6.32: Recovered Data with Single-IF MBM System




from a distance of 12 feet (3.67 meters). The problem of fading
occurs at about 18 feet, and then at 20 feet the fading becomes less of a problem and the
AD8307 output voltage swing increases (table
6.6). This system performed much better
than the complicated switching-IF system,
however there is room for improvement in
both the switching-IF and single-IF MBM systems.
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6.5. Comparison with OtherMBM Systems
The Switching-IF and Single-IF amplitude-modulated MBM systems are active-tag
passive-backscatter systems. They have detectable ranges up to 13 feet and 20 feet
respectively. These ranges are expected to be more than a comparable CPCA system and
less than an active-tag active-backscatter system. A quick comparison with other systems
is provided. However the advantages and disadvantages of each system is hiddenwhen
one considers numerical performance values such as range.
The actual power of the HP signal generator output was 15.42 dBm (table 5.1).
Since the directional coupler has a 10 dB tap (equivalent to 1/1
0th
the input power), the
transmitted power is at most 9/10 of the original power. From table 5.4, the 916 MHz
reflection coefficient magnitude of the ANT-916-CN directional antenna is 0.104. Thus
the effective power transmitted from the reader antenna is:




10U42 * 0.9 * (1-0.1042)
= 31 mW (6.1)
The table below includes some specifications ofMBM systems. The "CPCA",
"Switching-IF", and
"Single-IF"
systems are the three systems developed and analyzed in
this document. The
"RFID_Rao"
system is a passive-tag CPCA system developed by K.
V. S. Rao [14]. The
"Trolley-Scan"
specifications were used from Trolley Scan's




circular-polarization modulation system of [12, 13].
These systems are electric-coupled backscatter systems. As a comparison in distance,
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two passive magnetic-coupled backscatter systems are included in the table (Trovan's ID
500 long-range transponder; Texas
Instruments'













CPCA 34.5 1.2 -37 10.2 3 916
Switching-IF 31 3.97452 -47 10.2 3 916
Single-IF 31 6.11465 -62 10.2 3 916
RFID_Rao 3981
EIRP
1.32 NA 6 2.15 2450
Trolley-Scan 5000 6 NA 11.8 2.15 916
Active CPM 10
EIRP
10 -75 7 7 2450
Trovan NA 1.2 NA NA (Mag.) NA (Mag.) 0.15
TI-RFID NA 0.1 NA NA (Mag.) NA (Mag.) 0.1342
Table 6.7: Performance Specifications ofExisting Systems
The systems all have unique equipment and modulation characteristics. Some
papers provide a specification for the minimum detectable power at the Reader (Smin
column). The table is misleading because different power and antenna gains were used in
each system. In order to
"normalize"
the performance rating, the radar equation was used
to determine the corresponding received (backscattered) power at the reader for each
system. This calculation assumes all power collected at the transponder/Probe is
reflected out (no conversion loss or impedance mismatches). Some papers provided
values of effective-isotropic-radiated-power (EIRP), so the value was used in place of
Ptx*Gant_reader-
The Preturned value of table 6.8 is the estimated Reader sensitivity using
Friis'
equation. Since this calculation only takes free-space loss into account, the difference
with Preturned and Smin can be estimated as a collection of losses
or interferences due to
conversion loss, noise-floor (clutter), and reflection
coefficients. In the case of the active
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12.24 0.97 8.48 NA NA -14.46
Normalized
Range (m)
1.1683 3.97481 6.1174 2.64891 1.55173 48.4247
Table 6.8: Normalized Performance (Range) of Systems
Using Preturned of table 6.8, frequency of916 MHz, transmit power of 31 mW,
Reader and Probe antenna gains of 10.2 and 3 dBi respectively, a normalized range for
each system was calculated. This normalized comparison is not entirely correct because
antenna gains are radically different at the 900 MHz and 2.4 GHz frequency bands. Also
the designs of each system take the frequency band of operation into account to optimize
the performance. Regardless, the numerical comparison in table 6.8 illustrates the
relative performance of the systems developed in this document with other systems. As
expected, the switching-IF and single-IF systems have mid-level range and mid-level
power requirements on the probe/transponder. Simple improvements of these passive
AM MBM systems can double the range to make them stand out more as a practical
method to improve range and restrict power on a transponder. Again, the table 6.8 can be
misleading because advantages such as
high-clutter isolation, analog and digital




7.1. Comparison ofPassive AMMBM to Existing Systems
There were a few passive and active MBM systems introduced in Chapter 2
(pages 8 to 11). The passive amplitude-modulated microwave backscatter modulation
systems introduced in this document fill a niche between these existing systems. In the
case of the passive tags (WPT and CPCA MBM), the range is very small (given the same
parameters such as Reader antenna gain, transponder antenna gain, transmit power, etc.).
In some applications such as automatic toll paying the passive tags may not have enough
range.
Regarding the active MBM system with circular-polarization modulation (CPM),
the transponders of that system are very large with respect to the size of the Probe in this
passive AM MBM system. The IF signal of the passive AM MBM system does not have
to be sinusoid, it can be a square-wave with rails of 0 V and -1.4 V. A CMOS IF
generator can be implemented for the passive AMMBM system, which would require
much less power than the active modulator (amplifier used 10 mW) of the CPMMBM
system. The range of the active system was double the range for the single-IF design, but
simple improvements to the single-IF design can bring the range closer to the active
MBM system.
Another aspect that this passive AM MBM can be used is voice (or analog)
communications because the FSK driver can be replaced with an FM driver. The other
MBM systems discussed cannot be modified for analog communication as easily as this
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passive AM MBM system. Also, this project was designed and tested around an
understanding that a high amount of clutter is present. The active CPM MBM system
was tested in an anechoic chamber and the RF source had very low FM jitter. This was
not the case for the passive AM MBM tests. Thus the existing active and passive MBM
systems introduced in chapter 2 would not work as well in the same environment that
these passive AM MBM systems were tested in.
7.2. Future Improvements to AM MBM System
There are many things that can be improved in this project. Since most designs
and concepts of this project are in a first-design version, there are many aspects that can
be considered for improvement. These improvements can be separated into three
categories: better designs; better equipment; and a better testing environment.
The Probe's design would be difficult to improve because the impedance of the
NE34018 drain travels the complete smith chart in a relatively consistent phase angle.
Some improvement can be made with a better matching circuitry (precise resistor and
capacitor values). The choice of antenna and design of feed microstrip line on the probe
could be improved. As measured in chapter 4, the CW916 antenna and board have |Sn|
of 0.08 at center frequency 915 MHz (SWR of 1.174). If a commercial antenna cannot
be found then the engineer could design a better antenna for this project. A microstrip
antenna could be the proper way since it can be fabricated on the same board as all the
other Probe components in order to reduce size. Regarding the FSK Selector, a better
design could consist of a faster op-amp or an actual logic-design (CMOS) as opposed to
discrete component ICs. The FSK Driver performed very well once the J3 1 0 JFETs were
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replaced withNE34018 HJFETs. A major design change to the FSK Driver would be to
replace the external function generators with a voltage-controlled oscillator. This may
hinder the FSK transition, but the power and size reduction would be impressive. Also
the FSK Driver can be replaced with a low-powered CMOS oscillator which would
produce a square-wave from 0 V to -1 .4 V. The linear voltage-controlled oscillator and
discrete CMOS oscillator could also have a frequency-modulation (FM) control to
transmit analog messages.
The first thing to consider in Reader revisions is to replace the active op-amps of
the switching-IF design with either a higher-freq. bandwidth op-amp or replace the entire
filter section with a passive component design. Any amplification can be obtained by
having RF amplifiers in the line. A brief experimentation was done with a commercial
RF amplifier during the course ofdebugging, but the measured output was very noisy due
to the low incident power level and it did not conserve the information signal. Another
important filter redesign would be to have higher-order filters instead of a single lst-order
band-pass filter to isolate two IF channels.
The SYM-860 mixer was a good mixer for this project, but one can always find a
better one on the market. Out of a selection of fourmixers, the SYM-860 had the best
conversion loss and LO isolation combination. An improvement on range could be
achieved by introducing a phase-locked loop for the local oscillator portion of the mixer.
However since the returned RF signal from the Probe has little power compared to the
high-powered clutter, the phase-lock loop may synchronize to the wrong carrier phase.
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One issue to consider in this passive AM MBM system is the situation when there
is no transponder (or Probe) present or for some reason there is no mixed IF with the
carrier. Thus there is no 7 or 10 MHz signal present at the Readermixer's IF output.
This situation should have an idle voltage at the reconstructed data output. The current
designs of the switching and single IF Readers do not take this into account. A
modification should be made to have a defined idle status of the data-recovery output.
The equipment that could be replaced to produce better results are the Reader
antennas, the RF power source, and the circulator. An increase ofRF power will provide
the largest improvement of range, so one may consider kilowatts ofpower if the MBM
system were to achieve ranges of over 100 meters (due to free-space loss). There are
better directional antennas on the market, but the price increases dramatically with an
increase of antenna pattern gain.
Improvements can also be made by using better simulation packages and having
better models of commercial devices. Ansoft Harmonica was used extensively in this
project, but a microwave layout simulator could also be useful in the design stages. If
decent models are available for all components within the system, then a Fourier analysis
can be made to model the frequency responses better.
The indoor environment is a worst-case scenario for this project. Since this
project relies on reflected/retransmitted signals, any background reflections (clutter) can
be recollected at the reader's receiving antenna. The probe and its antenna are ideally
very small. There can be many objects with non-zero RCS besides the Probe that will
reflect power back to the Reader. The Reader may need to be very sensitive because it
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has to detect power signals in the -100 dBm range, but this sensitivity may never be
needed if there is an object near or in the line-of-sight and it reflects a large amount of
carrierwave back at the Reader. Regardless of the class of improvement, this project has
many opportunities to improve.
7.3. Conclusion
Microwave backscatter modulation systems were designed, simulated, and tested
in this project. Many choices were made upon the structure of the communication
scheme, the selection of components, and the features and specifications to abide. In
comparison with othermicrowave backscatter modulation systems, the performance of
the passive AM MBM systems were similar since the transmitted power was about the
same. The passive AM MBM systems developed in this document can be used to
achieve more range than simple CPCA systems, and also use less power at the Probe than
active MBM systems.
Microwave backscatter modulation is an alternative for relatively close
communication distances and lightweight miniature devices. This technology concept
can play a key role inminiaturizing robots and embedded controllers. The switching-IF
and single-IF MBM systems developed in this document can be used in many
communication applications. Such applications are: replacement ofbarcode systems;
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9. 1 . Network AnalyzerData File Plot Generator: S_plotter.m
The HP8753D Network Analyzer has the option to port the S-parameter
information of a device under test to a text file. The scattering matrix (S-parameter
matrix) information can be analyzed through a computer script, and then any
manipulation or plots of the data can be performed. For this project, aMATLAB
function was written to read the text data file from the network analyzer, save the S-
parameter information into complex matrices, and produce smith chart plots and
frequency response plots of the data.
A smith chart generator script available on the Mathworks website was used to
construct the smith chart figures. This collection of smith chart generators and drawing
utilities was written by Soeren Laursen on October 13, 1995. The name of the main
smith chart generator is smistand.m (version 1 .0).
The function Sjplotter.m reads the data file, generates Sn and S22 smith chart
plots, and also generates S21 and S12 frequency responses in dB. The program them
prompts the user for a desired scattering parameters at a specified frequency. The
forward gain of a device is equivalent to the power gain of the S21 parameter. The S21 (or
r2i) value is by definition the complex value of a port 2 output voltage (V2") divided by












Figure 9.1: Scattering Convention, N = 2 Port Device








If S-parameters at specific frequencies are requested by the user, then a second
input argument of the frequencies makes the function S_plotter return the corresponding










= function S_plotter(datafile, fget)
%
% This program opens a datafile of S-parameters versus frequency, obtained from an
% HP8753D Vector Network Analyzer.
% A freeware smith chart plotting program is used, which is called smistand.m (Version
% 1.0 13-Oct-95), written by Soeren Laursen (slau93@control.auc.dk).
%
% Smith chart plots of SI 1 and S22 and frequency response plots of S21 and S 12 are
% generated. This program determines if the data points are in logarithmic or linear
% frequency.
%
% When the input argument fget is provided, the user is requesting Transmission and
% Reflection Coefficient magnitudes of specific frequencies defined in fget. The
% corresponding S-parameters (|S1 1| and |S21|) of the frequencies in fgets is returned and
% no plots are generated.
%
% By Aaron C. Thompson, August 2002
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%
Sdata = ones(2); linlog
=
0; % Default is Linear frequency (linlog
=
0)




fgetl(fid); % read a line from the file
switch myline(l :4)
case 'VAR ', N = str2num(myline(end-3:end)); % N: number ofdata points





= 1 ; break
% Logarithmic frequency detected, break to read frequencies






fgetl(fid); % read frequency line, and determine frequency array
if linlog

















f= linspace(Fstart, Fstop, N)';
end
% f contains the frequency points corresponding to the data
myline
= fgetl(fid);
S = zeros(N,4); % S
= [SI 1 S12 S21 S22]
Smag
=
zeros(N,4); % Magnitude of S matrix
for a = 1 :2,
for b= 1:2,
if Sdata(a,b), continue, end
% If Sab parameter data not provided, skip to next S parameter






















fclose(fid); % close the data file
ifnargin == 2, % if specified frequencies are requested, return |S1 1| and |S21|
Inrange = sort(fget); % make 1st entry and last entry the frequency extremes




is less than start frequency of, ...
num2str(Fstart*lE-6),'
MHz'])









% need to determine closest data points
for p
= 1 : size(fget,2),








abs(S(myget,l :2)); % only magnitude is required by user
varargout





figure, smistand % SI 1 smith chart











grid, xlabel(*Frequency [MHz]'), ylabel('|S21| [dB]')











grid, xlabel('Frequency [MHz]'), ylabel('|S12| [dB]')
title(['Frequency Response, Data File: ', datafile])
end
if(Sdata(2,2)==0),
figure, smistand % S22 smith chart
plot(real(S(:,4)),imag(S(:,4)),'r.-'), title(['S22 Smith Chart Plot, Data File: *, datafile])
end
% Provide S-parameters for a user's frequency
n
= input('Enter a positive frequency [MHz]: '); % if a negative value is entered then exit














% need to determine closest data point































= input('Enter a positive frequency [MHz]: '); % ask for next test frequency
end












9.2. MBM System Performance Estimator: MBM_CSPT.m
The system block diagram model of figure 6.4 consists ofmany gain and loss
equations and parameters. In order to expedite the calculation of signal power estimates,
aMATLAB scriptMBMCSPT.m was written. It is an automated script (no input
arguments) that calculates the power received at the Probe, the power of the information
signal returned from the Probe, and the power of the information signal detected at the
Reader. The calculated AM RF signals have a selection of intermediate-frequencies and
path-distances. A better understanding ofFrii's formula (eq. 2.1) and component S-
parameters of this MBM system can be achieved by examining the matrices and figures
generated from this script. The power of the IF signals in the switching-IF and single-IF
MBM systems are estimated by incorporating measured S-parameters for the various
filters and antennas. The accepted performance measurement of each system is the
amount ofpeak-to-peak voltage for alternating digits of the communication link, so an
estimate of the AD8307 Logarithmic Detector's output voltage is also generated. The
function S_plotter is used to gather the specific-frequency transmission and reflection
coefficients. The figures generated from running this script can be seen in figures 6.7 and
9.2, and the runtime results are copied below.
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Figure 9.2: MBM_CSPT.m LBA ofReceived Carrier Power at Probe
Runtime Results:
Power Transmitted from Reader: 3 1
P(Detected): D = 6








































D=12 D=15 D=18 [feet]
-54.64334 -58.51975 -61.687 [dBm]
-54.65443 -58.53083 -61.69808 [dBm]
-54.67513 -58.55153 -61.71878 [dBm]
-54.69 -58.5664 -61.73365 [dBm]
-54.70609 -58.5825 -61.74975 [dBm]
-54.7238 -58.6002 -61.76745 [dBm]
-52.28303 -56.15943 -59.32668 [dBm]
-54.74325 -58.61965 -61.7869 [dBm]
-54.76318 -58.63958 -61.80683 [dBm]
-54.78421 -58.66061 -61.82786 [dBm]
-54.80512 -58.68152 -61.84877 [dBm]
-54.84118 -58.71758 -61.88483 [dBm]
-54.86484 -58.74124 -61.90849 [dBm]
P(Switching-IF): D = 6 D






F = 7|7ABPF= -26.13329 -33.17694 -38.17449 -42.05089
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AD8307 7ABPF Pk-Pk: 1128.922 952.8311 827.8923
730.9823















F = 10 -53.44847
F = 916 -75.99463
AD8307 Pk-Pk: 563.6539
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Returning to CW Ant: ',num2str(Prl
(myf,:),7),*
[dBm]'])
disp([Transmitted from CW Ant: ',num2str(Pr2(myf,:),7),' [dBm]'])
disp(['




round(input('Enter 1-13 to select frequency: '));
end
9.3. Extra System Performance Figures
The data tables of 6.1 and 6.2 were formed by the measurements contained in
saved oscilloscope samples and spectrum analyzer sweeps. The many plots and traces
would impose on the understanding of the system if they were all contained in chapter 6.
Thus the collected plots are listed below for reference purposes.
Table 6.1 Collected Spectrum Analyzer Sweeps:
DistanceVFreq. 1MHz 3 MHz 5 MHz 7 MHz 10 MHz
6'
Figure 6.5 Figure 6.6 Figure 6.6 Figure 9.3a Figure 9.3b
9'
Figure 9.3c Figure 9.3d Figure 9.3e Figure 9.3f Figure 6.3
12'
~ Figure 9.3g Figure 9.3h Figure 9.3i Figure 9.3j
15'
~ Figure 9.3k Figure 9.31 Figure 9.3m Figure 9.3n
18'
~ Figure 9.3o Figure 9.3p Figure 9.3q Figure 9.3r
Kd 12:45:93 Aug 6, 2882
VBH 1 MHz
Figure 9.3a: 7 MHz,
6'
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Figure 9.3c: 1 MHz,
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Figure 9.3d: 3 MHz,
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Figure 9.3e: 5 MHz,
9'
What 12:50:16 Hug 6, 2882






















Res BH 1 MHz VBH 1 MHz





Figure 9.3i: 7 MHz,
12'
Figure 9.3j: 10 MHz,
12'
Start 902 MHz
Res BH 1 MHz VBH 1 MHz
Stop 938 MHz Start 902 MHz
Sweep 108 ms "Res BH 1 MHz
Figure 9.3k: 3 MHz,
15'
Figure 9.31: 5 MHz,
15'
VBH 1 MHz
Figure 9.3m: 7 MHz,
15'
VBH 1 MHz
Figure 9.3n: 10 MHz,
15'
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Thpl 12:55:88 Aug 6, 2802
VBH 1 MHz
Figure 9.3o: 3 MHz, 18
Stop 938 MHz
VBH 1 MHz .Sweep 180 ms
Figure 9.3p: 5 MHz,
18'


























H 1 MHz VE H 1 MHz
Stop 930 MHz
Sweep 100 ms
Figure 9.3q: 7 MHz,
18'
Figure 9.3r: 10 MHz,
18'
Table 6.2 Collected Spectrum Analyzer Sweeps:
DistAFreq. 1 MHz 3 MHz 5 MHz 7 MHz 10 MHz 12 MHz
6'
Figure 9.4a Figure 9.4b Figure 9.4c Figure 9.4d Figure 9.4e -
9'
Figure 9.4f Figure 9.4g Figure 9.4h Figure 9.4i Figure 9.4j ~
12'
~ Figure 9.4k Figure 9.41 Figure 9.4m Figure 9.4n Figure 9.4o
15'
- Figure 9.4p Figure 9.4q Figure 9.4r Figure 9.4s Figure 9.4t
18'
- Figure 9.4u Figure 9.4v Figure 9.4w Figure 9.4x Figure 9.4y
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Res BH 1 MHz VBH 1 MHz





Stop 15 MHz Start 10 kHz
Sweep 188 ms Res BH 1 MHz VBH 1 MHz








Res BH 1 MHz
Ha wmasmmammm
~~
. % p e
Cntrl 7.000 MHz




















H 1 Mh z \i 3H 1 M \z
Stop 15 MHz
tSweep 100 ms
Figure 9.4c: 5 MHz,
6'
Figure 9.4d: 7 MHz,
6'
VBH 1 MHz
Figure 9.4e: 10 MHz,
6'
Thpl 13:11:22 Aug 6. 2802
Cntrl 1 kHz

































VBH 1 MHz Sweep 100 ms

















thai 13:13:85 Aug 6, 2882
Start 18 kHz
Res BH 1 MHz
thai 13:13:36
VBH 1 MHz








Res BH 1 MHz VBH 1 MHz








Res BH 1 MHz VBH 1 MHz
Stop 15 MHz
Sweep 100 ms
Figure 9Ay. 10 MHz,
9'
thpl 13:17:45 Aug 6, 2082
Ref -:
Cntrl 3.000 MHz


























































Figure 9.4k: 3 MHz,
12'
Figure 9.41: 5 MHz,
12'
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thai 13:16:33 Aug 6, 2882
Ref -38 dB
VBH 1 MHz
Figure 9.4m: 7 MHz,
12'
VBH 1 MHz




Res BH 1 MHz VBH 1 MHz
Figure 9.4o: 12 MHz,
12'


















Res BH 1 MHz
Figure 9.4q: 5 MHz,
15'
VBH 1 MHz









Res BH 1 MHz
Stop 15 MHz
VBH 1 MHz .Sweep 108 ms
Figure 9.4s: 10 MHz,
15'
VBH 1 MHz
Figure 9.4t: 12 MHz,
15'
Ka 13:25:87 Aug 6, 2882
VBH 1 MHz





Stop 15 MHz Start 18 kHz








Thai 13:23:42 Aug 6, 2802
Cntrl 7.000 MHz
67.87 dBm




Figure 9.4w: 7 MHz,
18'



























H 1 MHz VBH 1 MHz
Stop 15 MHz
Sweep 188 ms
Figure 9.4y: 12 MHz,
18'
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Figure 9.5g: 10 MHz Single-IF, d =
20'
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